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Abstract 
Detailed modeling and experiments were conducted in order to elucidate the 
nature of photo-induced surface patteming in azobenzene materials. Using a cellular 
automaton simulation, it was established that both the absolute temperature rise, and the 
thermal gradient, in a film during patteming are negligibly small. These results, 
confirmed experimentally by patteming samples on substrates of diITering thermal 
conductivity, eliminate purely thermal mechanisms as candidate explanations for mass 
transport. The length-scale of patteming was probed by monitoring the formation and 
thermal erasure of gratings as a function of film thickness. In both cases, film dynamics 
deviate from bulk behavior when film thickness decreases below -150 nm. Moreover, 
mass transport is completely hindered below 40 nm. This deviation of polymer dynamics 
implies that photo-induced mass transport involves the coordinated motion of many 
polymer chains in the depth of the material, and not merely surface diffusion of 
individual chains. 
Neutron reflectometry was applied to measure in detail the photomechanical 
response of azobenzene materials. A significant photo-expansion eITect, up to 17%, was 
observed at 25°C, attributed to the molecular free volume requirement of azo 
isomerization. Above a well-defined crossover temperature, which occurs at -50°C for 
poly( disperse red 1 acrylate), the material response is inveited. At these elevated 
temperatures, photo-contraction eITects, of more than -15%, were instead measured. In 
this case the combination of photo-induced motion and thermally-enabled mobility 
enables aggregation, aromatic stacking, and crystallization of the azobenzene dipoles. 
Using localized surface patteming experiments, it was confirmed that the mass transport 
phenomenon exhibits the same trend and phase relationship as the photomechanical 
eITect. It is argued that the fundamental origin of surface mass transport in azo materials 
is in fact this newly identified photomechanical eITect. This suggestion enables 
explanation of a variety of previously contradictory results in the literature. 
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Résumé 
L'origine de la photo-fabrication des structures topographiques dans les matériaux 
azobenzene a été élucidée en utilisant des modèles et expériences. En utilisant une 
simulation cellulaire d'automate, il a été établi que pendant l'irradiation, l'élévation de 
température absolue ainsi que le gradient thermique du film, sont assez petits pour être 
négligés. Ces résultats, confirmés expérimentalement par illumination d'échantillons 
assemblés sur des substrats ayant différentes propriétés thermiques, peuvent être utilisés 
éliminer les mécanismes uniquement thermiques comme explication de la formation de 
structures topographiques. Les propriétés spatiales du processus ont été déterminées en 
surveillant la formation et l'effacement thermique des structures topographiques, en 
fonction de l'épaisseur du film. Dans les deux cas, les dynamiques du film dévient du 
comportement macroscopique quand l'épaisseur de film est dessous -150 nm. En plus, le 
processus topographique est complètement arrêté dans les films <40 nm. Cette déviation 
des dynamiques de polymère indique que le transport de matière, causé par la lumière, 
exige le mouvement coordonné de plusieurs chaînes de polymère dans la profondeur du 
matériel, et non seulement par la diffusion de chaînes sur la surface de ce deriner. 
La réflectométrie de neutron a été utilisée pour mesurer la réaction photomécanique 
des matériaux d'azobenzene. Une photo-expansion à 25°C, allant jusqu'à 17%, a été 
observée, et attribuée au volume moléculaire nécessaire pour l'isomérisation 
d'azobenzene. Au-dessus d'une température bien résolue, par exemple à -50°C pour le 
poly (disperse red 1 acrylate), la réaction du matériel est inversée. À ces températures 
plus élevées, un effet de photo-contraction, de plus de -15%, a été mesuré. Dans ce cas, 
la combinaison du mouvement causé par la lumière et la mobilité thermique permet 
l'agrégation, l'empilement aromatique, et la cristallisation des dipôles d'azobenzene. En 
fabriquant des structures topographiques de façon localisée, il a été confirmé que le 
phénomène de photo-fabrication a la même tendance et phase que l'effet photomécanique. 
Il est alors proposé que l'origine fondamentale de la photo-fabrication est en fait un 
phénomène photomécanique. Cette hypothèse permet l'explication d'une variété de 
résultats dans la littérature qui était auparavant contradictoires. 
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Foreword 
This dissertation is based upon a review chapter, a review paper, and five original 
research papers. The review chapter and review paper have been published, and fonn the 
basis of the introduction. The first two research papers have also been published in 
scientific journals. The last three research chapters are based upon papers that have been 
submitted for publication to peer-reviewed scientific journals. The last chapter of the 
thesis provides perspectives on future directions of the research program. 
Contribution of Authors 
AlI papers presented in the thesis were entirely written by Kevin Yager. AlI 
papers were co-authored with Prof. Christopher J. Barrett (Department of Chemistry, 
McGill University), who acted as research advisor. AlI of the research presented in this 
dissertation was planned, perfonned, and critically analyzed by the author. For the work 
presented in two of the chapters, technical assistance was provided by co-authors, as 
described below. 
Chapter 1 is a thorough review of the field of study, and is based upon a book 
chapter and a review article, both of which were entirely researched and written by the 
author, with guidance from Prof. Christopher J. Barrett. The book chapter has been 
published in a volume entitled "Light-Induced Nanostructure Fonnation using 
Azobenzene Polymers," and the review article appears in the Journal of Photochemistry 
and Photobiology A. 
Chapter 2 is an experimental chapter, whose objective is to describe the details of 
a unique sample cell built specifically for experiments conducted at the Canadian 
Neutron Bearn Centre (National Research Council, Canada) Chalk River Laboratories. 
The cell in question was designed and built by Mike Watson at the NRC, in consultation 
with experimental requirements described by the author. The cell was then tested and 
validated in a first series of experiments conducted at Chalk River Laboratories, where 
Dr. Helmut Fritzsche acted as a local contact. These experiments were conducted by the 
author, with the technical assistance of Oleh M. Tanchak. The data analysis and all 
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writing for the paper were conducted entirely by the author. The results of this analysis 
were published in Review of Scientific Instruments in 2006. 
Chapter 3 describes temperature modeling initiated and perfonned by the author 
under the supervision of Prof. Christopher 1. Barrett. The author perfonned aIl computer 
programming, data analysis, and the manuscript preparation required for this project. The 
work was published in Journal of Chemical Physics in 2004. 
Chapter 4 describes a series of pattern erasure experiments conducted by the 
author at the suggestion of Prof. Christopher J. Barrett. The sample preparation, 
experiments, data analysis and manuscript writing were aH perfonned by the author. 
Chapter 5 is a neutron reflectometry study. The experiments in question were 
perfonned at the Canadian Neutron Bearn Centre (NRC, Canada), using the sample cell 
already mentioned. The work was done in collaboration with Dr. Helmut Fritzsche at the 
NRC, who provided instrument training. The experiments were perfonned by the author, 
with technical assistance from Oleh M. Tanchak and Chris Godbout. The extensive data 
analysis, interpretation of results, and the final manuscript preparation were aIl conducted 
solely by the author. 
Chapter 6 is a patterning study conducted by the author. Experimental design, 
data interpretation, and manuscript writing were perfonned solely by the author, with 
guidance from Christopher J. Barrett. 
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Chapter 1 
Introduction 
This chapter provides a thorough introduction to the research related to 
azobenzene photochemistry and photo-motions. It is based upon a pub li shed book 
chapter, with inclusion of more recent literature review contained in a published article. 
The text from the two sources is reprinted, with permission, from: 
Yager, K.G.; Barrett, C.J. "Light-Induced Nanostructure Formation using Azobenzene 
Polymers" Chapter 8 in Polymerie Nanostruetures and their Applications, Nalwa, R.S., 
ed. American Scientific Publishers, 2006, Los Angeles. ISBN: 1-58883-068-3. Copyright 
2006 American Scientific Publishers. 
and 
Yager, K.G.; Barrett, c.J. "Novel Photoswitching us mg Azobenzene Functional 
Materials" Journal of Photoehemistry and Photobiology A: Chemistry 2006, in press, 
published online 23 May. Copyright 2006, Elsevier. 
1.1. Preamble 
The formation of useful nanostructures, and interfacing these with macro-world 
devices, is an ongoing research challenge. The microelectronics industry has a wide 
variety of optical tools available for patteming using light, and has achieved remarkable 
control over material properties. It is therefore attractive to investigate future patteming 
techniques that take advantage of this visible-light lithographic infrastructure. 
Azobenzene molecules exhibit numerous photo-responsive properties, which can be 
exploited to locallY modify material properties. Specifically, irradiation of azobenzenes 
with light causes a fast and efficient change of the molecule's configuration. This photo-
isomerization can be exploited as a photoswitch, to orient the chromophore (which 
induces birefringence), or even to perform all-optical surface topography patteming. 
These photo-motions enable many interesting applications, ranging from optical 
components and lithography to sensors and smart materials. 
This chapter will discuss the many unique properties of the azobenzene 
chromophore, and the exceptional material control enabled when these chromophores are 
1 
incorporated in a polymeric matrix. More specifically, we will attempt to highlight the 
ways in which azo-polymers could be used as tools in the emerging field of controlled 
nanostructure formation. 
1.2. Azobenzene 
Azobenzene is an aromatic molecule formed by an azo linkage (-N=N-) 
connecting two phenyl rings. In this text, as in most on the subject, we use 'azobenzene' 
and 'azo' in a more general way: to refer to the class of compounds that exhibit the core 
azobenzene structure, with different ring substitution patterns (even though, strictly, these 
compounds should be referred to as 'diazenes'). There are many properties common to 
nearly all azobenzene molecules. The most obvious is the strong electronic absorption of 
the conjugated 7r system. The absorption spectrum can be tailored, via the ring 
substitution pattern, to lie anywhere from the ultraviolet to the visible-red region. It is not 
surprising that azobenzenes were originally used as dyes and colorants. 1,2 The 
geometrically rigid structure and large aspect ratio of azobenzene molecules makes them 
ideal mesogens: azobenzene small molecules and polymers functionalized with 
azobenzene can exhibit liquid crystalline phases.3,4 The most startling and intriguing 
characteristic of the azobenzenes is their highly efficient and fully reversible photo-
isomerization. Azobenzenes have two stable isomeric states: a thermally stable trans 
N~ N~ 
6 6 
(a) (b) 
N~ N 
N02 
(c) 
Figure 1.1: Examples of azo molecules classified as (a) azobenzenes, (b) 
aminoazobenzenes, and (c) pseudo-stilbenes. 
2 
configuration, and a meta-stable cis form. Remarkably, the azo chromophore can 
interconvert between these isomers upon absorption of a photon. For most azobenzenes, 
the molecule can be optically isomerized from trans to cis with light anywhere within the 
broad absorption band, and the molecule will subsequently thermally relax back to the 
trans state on a timescale dictated by the substitution pattern. This clean photochemistry 
is central to azobenzene's potential use as a tool for nanopatterning. 
1.2.1 Azobenzene Chromophores 
Azobenzenes can be separated into three spectroscopic classes, well described by 
Rau:5 azobenzene-type molecules, aminoazobenzene-type molecules, and pseudo-
stilbenes (refer to Figure 1.1 for examples). The particulars of their absorption spectra 
(shown in Figure 1.2) give rise to their prominent colors: yellow, orange, and red, 
respectively. Many azos exhibit absorption characteristics similar to the unsubstituted 
azobenzene archetype. These molecules exhibit a low-intensity n --t 1r* band in the 
visible region, and a much stronger 1r --t 1r* band in the UV. Although the n --t 1r* is 
symmetry-forbidden for trans-azobenzene (C2h), vibrational coupling and sorne extent of 
nonplanarity make it nevertheless observable.6 
Adding substituents to the azobenzene rings may le ad to minor or major changes 
4 
T""" 3 1 E 
u 
T""" 
1 
0 2 E 
"'" 0 
T""" 
-
1 
w 
0 
200 300 400 500 600 
Â/nm 
Figure 1.2: Schematic of typical absorbance spectra for trans-azobenzenes. The 
azobenzene-type molecules (solid line) have a strong absorption in the UV, and a 
low-intensity band in the visible (barely visible in the graph). The 
aminoazobenzenes (dotted line) and pseudo-stilbenes (dashed line) typically have 
strong overlapped absorptions in the visible region. 
3 
in spectroscopic character. Of particular interest is ortho- or para- substitution with an 
electron-donating group (usually an amino, - NH2) , which results in a new class of 
compounds. In these aminoazobenzenes, the n ~ 7r* and 7r ~ 7r* bands are much 
closer. In fact, the n ~ 7r* may be completely buried beneath the intense 7r ~ 7r* . 
Whereas azobenzenes are fairly insensitive to solvent polarity, aminoazobenzene 
absorption bands shi ft to higher energy in nonpolar solvents, and shi ft to lower energy in 
polar solvents. Substituting azobenzene at the 4 and 4' positions with an electron-donor 
and an electron-acceptor (such as an amino and a nitro, -N02, group) leads to a strongly 
asymmetric electron distribution (often referred to as a 'push/pull' substitution pattern). 
This shifts the 7r ~ 7r* absorption to lower energy, towards the red and past the n ~ 7r*. 
This reversed ordering of the absorption bands defines the third spectroscopic class, the 
pseudo-stilbenes (in anal ogy to stilbene, phenyl-C=C-phenyl). The pseudo-stilbenes are 
very sensitive to local environment, which can be useful in sorne applications. 
Especially in condensed phases, the azos are also sensitive to packing and 
aggregation. The 7r-7r stacking gives rise to shifts of the absorption spectrum. If the azo 
dipoles have a parallel (head-to-head) alignment, they are called J-aggregates, and give 
rise to a red-shift of the spectrum (bathochromic) as compared to the isolated 
chromophore. If the dipoles are antiparallel (head-to-tail), they are called H-aggregates, 
and lead to a blue-shift (hypsochromic). Fluorescence is seen in sorne aminoazobenzenes 
and many pseudo-stilbenes, but not in azobenzenes, whereas phosphorescence is absent 
in aIl three classes. By altering the electron density, the substitution pattern necessarily 
affects the dipole moment, and in fact aIl the higher-order multipole moments. This 
becomes significant in many non-linear optical (NLO) studies. For instance, the 
chromophore's dipole moment can be used to orient with an applied electric field 
(poling), and the higher-order moments of course define the molecule's non-linear 
response.7 In particular, the strongly asymmetric distribution of the delocalized electrons 
that results from push/pull substitution results in an excellent NLO chromophore. 
1.2.2 Azobenzene Photochemistry 
Key to sorne of the most intriguing results and interesting applications of 
azobenzenes is the facile and reversible photo-isomerization about the azo bond, 
converting between the trans (E) and cis (Z) geometric isomers (Figure 1.3). This photo-
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isomerization is completely reversible and free from side reactions, prompting Rau to 
characterize it as "one of the cleanest photoreactions known."s The trans isomer is more 
stable by approximately 50 kJ/mol,8,9 and the energy barrier to the photo-excited state 
(barrier to isomerization) is on the order of 200 kJ/mol. IO Thus, in the dark, most 
azobenzene molecules will be found in the trans form. Upon absorption of a photon (with 
a wavelength in the trans absorption band), the azobenzene will convert, with high 
efficiency, into the cis isomer. A second wavelength of light (corresponding to the cis 
absorption band) can cause the back-conversion. These photo-isomerizations usually 
have picosecond timescales. ll ,12 Altemately, azos will thermally reconvert from the cis to 
trans state, with a timescale ranging from milliseconds to hours, depending on the 
substitution pattern and local environrnent. More specifically, the lifetimes for 
azobenzenes, aminoazobenzenes, and pseudo-stilbenes are usually on the order of hours, 
minutes, and seconds, respectively. The energy barrier for thermal isomerization is on the 
order of 90 kJ/mol. 13,14 Considerable work has gone into elongating the cis lifetime, with 
the goal of creating truly bistable photo-switchable systems. Bulky ring substituents can 
be used to hinder the thermal back reaction. For instance, a polyurethane main-chain azo 
exhibited a lifetime of 4 days (thermal rate-constant of k = 2.8xl0-6 S-I, at 3°C),15 and an 
azobenzene para-substituted with bulky pendants had a lifetime of 60 days (k < 2x 10-7 
s-\ at room temperature).16 The conformational strain ofmacrocylic azo compounds can 
}-50 kJ/mol 
N~ ~ 
(a) V trans (E) (b) 
trans (E) cis (Z) 
Figure 1.3: (a) Azobenzene can convert between trans and cis states 
photochemically, and relaxes to the more stable trans state thermally. (b) 
Simplified state model for azobenzenes. The trans and cis extinction coefficients 
are denoted ttrans and tcïs. The <I> refer to quantum yields of photoisomerization, 
and 'Y is the thermal relaxation rate constant. 
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also be used to lock the cis state, where lifetimes of 20 days (k = 5.9x 10-7 S-I),17 1 year 
(half-life 400 days, k = 2x 10-8 S-I)/8,19 or even 6 years (k = 4.9x 10-9 S-I/O were 
observed. Similarly, using the hydrogen-bonding of a peptide segment to generate a 
cyclic structure, a cis lifetime of -40 days (k = 2.9x 10-7 S-I) was demonstrated.21 Of 
course, one can also generate a system that starts in the cis state, and where isomerization 
(in either direction) is completely hindered. For instance, attachment to a surface,22 direct 
synthesis of ring-like azo molecules,23 and crystallization of the cis form24,25 can be used 
to maintain one state, but such systems are obviously not bistable photo-switches. 
A bulk azo sample or solution under illumination will achieve a photostationary 
state, with a steady-state trans/cis composition based on the competing effects of photo-
isomerization into the cis state, thermal relaxation back to the trans state, and possibly cis 
reconversion upon light absorption. The steady-state composition is unique to each 
system, as it depends on the quantum yields for the two processes ((/>trans and (/>cis) and the 
thermal relaxation rate constant. The composition also depends upon irradiation intensity, 
wavelength, temperature, and the matrix (gas phase, solution, liquid crystal, sol-gel, 
mono layer, polymer matrix, etc.). Azos are photochromic (their color changes upon 
illumination), since the effective absorption spectrum (a combination of the trans and cis 
spectra) changes with light intensity. Thus absorption spectroscopy can be conveniently 
used to measure the cis fraction in the steady-state,26,27 and the subsequent thermal 
relaxation to an all-trans state.28-31 NMR spectroscopy can also be used.32 Under 
moderate irradiation, the composition of the photostationary state is predominantly cis for 
azobenzenes, mixed for aminoazobenzenes, and predominantly trans for pseudo-
stilbenes. In the dark, the cis fraction is below most detection limits, and the sample can 
be considered to be in an all-trans state. Isomerization is induced by irradiating with a 
wavelength within the azo's absorption spectrum, preferably close to Àmax. Modem 
experiments typically use laser excitation with polarization control, delivering on the 
order of 1-100 mW/cm2 of power to the sample. Various lasers coyer the spectral range 
ofinterest, from the UV (Ar+ line at 350 nm), through blue (Ar+ at 488 nm), green (Ar+ at 
514 nm, YAG at 532 nm, HeNe at 545 nm), and into the red (HeNe at 633 nm, GaAs at 
675 nm). 
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The ring substitution pattern affects both the trans and the cis absorption spectra, 
and for certain patterns, the absorption spectra of the two isomers overlap significantly 
(notably for the pseudo-stilbenes). In these cases, a single wavelength of light effectuates 
both the forward and reverse reaction, leading to a mixed stationary state, and continuaI 
interconversion of the molecules. For sorne interesting azobenzene photo-motions, this 
rapid and efficient cyc1ing of chromophores is advantageous, whereas in cases where the 
azo chromophore is being used as a switch, it is c1early undesirable. 
The mechanism of isomerization has undergone considerable debate. 
Isomerization takes place either through a rotation about the N-N bond, with rupture of 
the 7r bond, or through inversion, with a semi-linear and hybrizidized transition state, 
where the 7r bond remains intact (refer to Figure 1.4). The thermal back-relaxation is 
agreed to be via rotation, whereas for the photochemical isomerization, both mechanisms 
appear viable.33 Historically the rotation mechanism (as necessarily occurs in stilbene) 
was favored for photo-isomerization, with sorne early hints that inversion may be 
contributing.34 More recent experiments, based on matrix or molecular constraints to the 
azobenzene isomerization, strongly support inversion.35-38 Studies using picosecond 
Figure 1.4: The mechanism of azobenzene isomerization proceeds either via 
rotation or inversion. The cis state has the phenyl rings tilted at 90° with respect to 
the CNNC plane. 
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Raman and femtosecond fluorescence show a double bond (N=N) in the excited state, 
confirming the inversion mechanism.39,40 By contrast, Ho et a1.41 found evidence that the 
pathway is compound-specifie: a nitro-substituted azobenzene photo-isomerized via the 
rotation pathway. Furthermore, ab initio and density functional theory calculations 
indicate that both pathways are energetically accessible, although inversion is 
preferred.42,43 Thus, both mechanisms may be competing, with a different one dominating 
depending on the particular chromophore and environment. The emergmg consensus 
nevertheless appears to be that inversion is the dominant pathway for most 
azobenzenes.44 The availability of the inversion mechanism explains how azos are able to 
isomerize easily even in rigid matrices, such as glassy polymers, since the inversion 
mechanism has a much smaller free volume requirement than the rotation. 
The thermal back-relaxation is generally first-order, although a glassy polymer 
matrix can lead to anomalously fast decay components,45-48 attributed to a distribution of 
chromophores in highly strained configurations. Higher matrix crystallinity increases the 
rate of decay.49 The decay rate itself can act as a probe of local environment and 
molecular conformation.50,51 The back-relaxation of azobenzene is acid-catalyzed,52 
although strongly acidic conditions will lead to side-reactions.25 For the parent 
azobenzene molecule, quantum yields (which can be indirectly measured 
spectroscopically45,53,54) are on the order of 0.6 for the trans ~ cis photo-conversion, 
and 0.25 for the back photo-reaction. Solvent has a small effect, increasing the 
trans ~ cis and decreasing the cis ~ trans yield as polarity increases.55 
Aminoazobenzenes and pseudo-stilbenes isomerize very quickly and can have quantum 
yields as high as 0.7-0.8. 
1.2.3 Azobenzene Systems 
Azobenzenes are robust and versatile moieties, and have been extensively 
investigated as small molecules, pendants on other molecular structures, or incorporated 
(doped or covalently bound) into a wide variety of amorphous, crystalline, or liquid 
crystalline polymerie systems. Noteworthy examples include self-assembled monolayers 
and superlattices,56 sol-gel silica glasses,57 and biomaterials.58-6o A number of small 
molecules incorporating azobenzene have been synthesized, including crown-ethers,61 
cyclodextrins,62,63 proteins such as bacteriorhodopsin,64 and 3D polycyclics such as 
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cubane65 and adamantane.66 Typically, azo chromophores are embedded in a solid matrix 
for studies and devices. As a result, matrix effects are inescapable: the behavior of the 
chromophore is altered due to the matrix, and in tum the chromophore alters the matrix.67 
Although either could be viewed as a nuisance, both are in fact useful: the chromophore 
can be used as a probe of the matrix (free volume, polarizability, mobility, etc.), and 
when the matrix couples to chromophore motion, molecular motions can be translated to 
larger lengthscales. Thus, the incorporation strategy is critical to exploiting azobenzene's 
unique behavior. 
1.2.3.1 Thin Polymer Films 
Doping azobenzenes into polymer matrices 1S a convenient inclusion 
technique.68,69 These 'guest-host' systems can be cast or spin-coated from solution 
mixtures of polymer and azo small molecules, where the azo content in the thin film is 
easily adjusted via concentration. Although doping leaves the azo chromophores free to 
undergo photo-induced motion unhindered, it has been found that many interesting 
photomechanical effects do not couple to the matrix in these systems. Furthermore, the 
azo mobility often leads to instabilities, such as phase-separation or micro-crystallization. 
Thus, one of the most attractive methodologies for incorporating azobenzene into 
functional materials is by covalent attachment to polymers. The resulting materials 
benefit from the inherent stability, rigidity, and processability ofpolymers, in addition to 
(a) 
(b) 
o 0 CU-H5 -0-0 C-NH 1 ~ NH-C-OCH2CH2-N ~ J N=N ~ J W-CH2CH20 n +11 -0: Il 1 Il + # CH
3 
0 
Figure 1.5: Examples of azo-polymer structures, showing that both (a) side-chain 
and (b) main-chain architectures are possible. 
9 
the unusual photo-responsive behavior of the azo moieties. Both side-chain and main-
chain azobenzene polymers have been prepared70 (Figure 1.5). Reported synthetic 
strategies involve either polymerizing azobenzene-functionalized monomers71 ,72 or post-
functionalizing a polymer that has an appropriate pendant group (usually a phenyl).73-75 
The first method is preferred for its simplicity and control of sequence distribution. The 
second takes advantage of cornrnonly available starting materials, but may require more 
reaction steps. Many different backbones have been used as scaffolds for azo moieties, 
inc1uding imides,76 esters,n urethanes,78 ethers/9 organometallic ferrocene polymers,80 
dendrimers,81,82 and even conjugated polydiacetylenes,83 polyacetylenes,84 and main-
chain azobenzenes.85,86 The most cornrnon azo-polymers are acrylates,87 methacrylates,88 
and isocyanates.89 Thin films are usually prepared by spin_coating,90-93 although there are 
also many examples of using solvent evaporation, the Langmuir-Blodgett technique,94-97 
and se1f-assembled monolayers.98 Spin-cast films are typically annealed above the 
polymer glass-transition temperature (Tg) to remove residual solvent and erase any 
hydrodynamically-induced anisotropy. Recently molecular glasses have been investigated 
as alternatives to amorphous polymer systems.99 These monodisperse systems appear to 
maintain the desirable photomotions and photoswitching properties, while allowing 
precise control of molecular architecture and thus material properties. loo 
1.2.3.2 Liquid Crystals 
Azobenzenes are anisotropie, rigid molecules, and as such are ideal candidates to 
act as mesogens: molecules that forrn liquid crystalline (Le) mesophases. Many 
examples of small-molecule azobenzene liquid crystals have been studied. Sorne azo-
polymers also forrn Le phases (refer to Figure 1.6 for a typical structure). For si de-chain 
azobenzenes, a certain amount of mobility is required for Le phases to be present; as a 
rule, if the tether between the chromophore and the backbone is less than 6 alkyl units 
long, the polymer will exhibit an amorphous and isotropie solid-state phase, whereas if 
the spacer is longer, Le phases typically form. The photo-isomerization of azobenzene 
leads to modification of the phase and alignrnent (director) in LC systems.67,101 The 
director of a liquid crystal phase can be modified by orienting chromophores doped into 
the phase, 102, 103 by using an azobenzene-modified 'cornrnand surface,'104-106 using azo 
copolymers,107 and, of course, in pure azobenzene LC phases. 108,109 One can force the Le 
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Figure 1.6: A typicalliquid-crystalline side-chain azobenzene polymer. 
phase to adopt an in-plane order (director parallel to surface), homeotropic alignment 
(director perpendicular to surface), tilted or even biaxial orientation. 1 10 These changes are 
fast and reversible. While the trans azobenzenes are excellent mesogens, the Gis azos 
typically are not. If even a small number of azo molecules are distributed in an LC phase, 
trans ~ Gis isomerization can destabilize the phase by lowering the nematic-to-isotropic 
phase transition temperature. 1 1 1 This enables fast isothermal photo-control of phase 
transitions.44,1l2-114 Since these modulations are photo-initiated, it is straightforward to 
create patterns. 115 These LC photoswitching effects are obviously attractive in many 
applications, such as for display devices, optical memories,104 e1ectro-optics, 1 16 
modulating the polarization of ferroelectric liquid crystal s, 117,118 etc. 
1.2.3.3 Oendrimers 
Dendrimers have been investigated as unique structures to exploit and harness 
azobenzene's photochemistry.1l9-121 Dendritic and branched molecular architectures can 
have better solubility properties and can be used to control undesired aggregation, 
resulting in higher-quality films for optical applications. 122,123 Dendrimers with strongly 
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absorbing pendants can act as antenna: harvesting light and making it available, VIa 
intramolecular energy transfer, to the dendrimer core. In dendrimers with azo cores, this 
allows for the activation of isomerization using a wavelength outside of the azo 
absorption band (since the dendrimer arms absorb and transfer energy to the core).124,125 
Furthermore the configurational change that results from the core isomerization will 
translate into a larger-scale geometric change. For instance, in a dendrimer with three 
azobenzene arms (Figure 1.7), the various isomerization combinations (EEE, EEZ, EZZ, 
and ZZZ) could aU be separated by thin-layer chromatography due to their different 
physical properties. 126 The conformational change associated with isomerization modifies 
(typically reduces) the hydrodynamic volume, with the specifie extent of conformational 
change depending strongly on where the azo units are incorporated. 127 
""'~~ ~I .~ 
::>' 1 1 ~ N 
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"N 
Figure 1.7: An azobenzene dendrimer contammg three azo moieties. Each 
chromophore has two isomerization states (trans and cis), leading to four distinct 
photo-isomers for the dendrimer molecule. All four isomers have different 
physical properties. 
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1.2.3.4 Polyelectrolyte Multilayers 
A new facile and versatile film preparation technique, layer-by-layer electrostatic 
self-assembly, has become the subject of intensive research since its introduction by 
Decher. 128-J31 In this technique, a charged or hydrophilic substrate is immersed in a 
solution of charged polymers (polyelectrolytes), which adsorb irreversibly onto the 
substrate. After rinsing, the substrate is then immersed in a solution containing a 
polyelectrolyte of opposite charge, which adsorbs electrostatically to the charged polymer 
mono layer. Because each layer of adsorbed polymer reverses the surface charge, one can 
build up an arbitrary number of altemating polycation-polyanion layers. These 
polyelectrolyte multilayers (PEMs) are easy to prepare, use benign (all-aqueous) 
chemistry, and are inherently tunable. 132-134 Specifically, by adjusting the ionic 
strength135-138 or pH139-142 (in the case of 'weak' polyelectrolytes) of the assembly 
solution, the polyelectrolyte chain conformation is modified, and hence the resulting film 
architecture is tuned. For instance, one can control thickness,136,143 permeability, 144 
morphology,145-147 and density.148 Recently the technique has been modified to assemble 
the altemate layers using a spin-coater, which reduces the assembly times and adsorption 
solution volumes considerably.149-152 
As a film preparation technique, this method has numerous advantages. The 
adsorption of the polymers is quasi-thermodynamic, with the chains adsorbing into a 
local minimum, which makes the films stable against many defects (dewetting, pinhole 
formation, etc.). Importantly, the technique is not limited to flat surfaces: any geometry 
that can be immersed in solution (or have solution flowed-through) is suitable. Colloids 
have been efficiently coated with PEMs,153,154 and by dissolving the core one can also 
form hollow PEM micro-capsules. 155 Multilayers can be formed on nearly any material 
(glass, quartz, silicon, most metals, etc.), and are robust against thermal and solvent 
treatment. 156 One of the main interests in PEMs is due to their inherent 
biocompatibility: 157 multilayers have been formed on enzyme microcrystals,158 used to 
encapsulate living cells,159 and to coat arterial walls. 160 Perhaps the most useful feature of 
the multilayering technique is its ability to incorporate secondary functional groups into 
the thin film structure. The location of these functional units (which may be small 
molecules, pendants on the polyelectrolyte chains, or particles) within the multilayer 
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stack can be controlled with sub-nanometer precision. A wide variety of functionalities 
have been demonstrated, including organic molecules,161 synthetic polymers,162 
biopolymers,163 natural proteins,164 colloids,165 inorganic nanoparticles,166 clay platelets167 
(used as a nacre biomimic I68), dendrimers,169 electrochemically active species,132 
functionalized C60,170 and even, counter-intuitively, uncharged and non-polar polymer 
chains. 171 
Many research groups have investigated the possibility of incorporating optically-
responsive azobenzene chromophores into the versatile PEM structures (examples 
presented in Figure 1.8), including Advincula,172-175 Kumar and Tripathy,162,176 Tieke,177-
180 Heflin,181 and Barrett. 182,183 In sorne cases, copolymers are synthesized, where sorne of 
the repeat units are charged groups, and sorne are azo chromophores. 184,185 These 
materials may, however, have solubility issues, as the azo chromophore is typically not 
water-soluble. Efforts have therefore gone into synthesizing azo_ionomers,186,187 or 
polymers where the charge appears on the azobenzene unit. 185,188,189 The azobenzene 
chromophore may also be created by post-functionalization of an assembled PEM. 176 
Azobenzene-functionalized PEMs have demonstrated all of the unique photophysics 
associated with the chromophore, including induced birefringence/74,190 and surface mass 
transport188 (which will be described in more detail in section 4). It should be note d, 
however, that in general the quality of the patteming is lower,189 presumably due to the 
0çO~oy~n 
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CH3 CH3 ~ ~ CH3 CH3 +7+-(CH2h-7+-(CH2h-O~N=N~O-(CH2hh-f-7+-(CH2h-7+-(CH2)6+ n 
CH3 Br" CH3 Br" CH3 Br" CH3 Br" 
Figure 1.8: Examples ofwater-soluble azo-polyelectrolytes, which can be used in 
the preparation of photo active polyelectrolyte multilayers. 
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constraints to chain motion that the ionic 'crosslinks' engender. There are many examples 
of performing the multilayering with a polyelectrolyte and a small molecule azobenzene 
ionic dye. 148 In contrast to conventional doped systems, the chromophores in these 
systems do not suffer from aggregation instabilities,l72 and the azo photo-motions do 
couple to the matrix, as evidenced by birefringencel91 ,192 and surface patteming. 161,193 
These effects can again be attributed to the fact that the ionic attachment points act as 
cross links in a dry PEM sample. The aggregation and photochemical behavior of the azo 
chromophore (absorbance spectrum, isomerization rate, etc.) vary depending on the 
nature of the counter-polymerl94 (and of course, is affected by any ionic ring substituent). 
These may be viewed as undesirable matrix effects, or as a way to tune the chromophore 
response. The multilayering technique does not offer the precision and reproducibility of 
conventional inorganic film preparation techniques. It is, however, simple, versatile, and 
offers the possibility of combining unique structures and functionalities (for instance, it 
has been used to create superhydrophobic surfaces,195 to make azo-photochromic hollow 
shells,187 and is amenable to pattemingI96). While it is unlikely to replace established 
techniques for high-performance devices, it may find applications in certain niches 
(coatings, disposable electronics, biomedical devices, etc.). 
1.3. Photoinduced Motions and Modulations 
Irradiation with light produces molecular changes in azobenzenes, and under 
appropriate conditions, these changes can translate into larger-scale motions and even 
modulation of material properties. Following Natansohn and Rochon,197 we will describe 
motions roughly in order of increasing size-scale. However, since the motion on any size-
scale invariably affects (and is affected by) other scales, c1ear divisions are not possible. 
In all cases, sorne of the implicated applications, photoswitching, and photo-modulations 
will be outlined. 
1.3.1 Molecular Motion 
The fundamental molecular photo-motion ln azobenzenes is the geometrical 
change that occurs upon absorption of light. In cis-azobenzene, the phenyl rings are 
twisted at 90° relative to the C-N=N-C plane.36,198 Isomerization reduces the distance 
between the 4 and 4' positions from 0.99 nm in the trans state to 0.55 nm for the cis 
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state.199-201 This geometric change increases the dipole moment: whereas the trans form 
has no dipole moment, the cis form has a dipole moment of 3.1 D.24 The free volume 
requirement of the cis is larger than the trans,202 and it has been estimated that the 
minimum free volume pocket required to allow isomerization to proceed via the inversion 
pathwal6,46 is 0.12 nm3, and via the rotation pathway15 approximately 0.38 nm3. The 
effects of matrix free volume constraints on photochemical reactions in general have been 
considered?03 The geometrical changes in azobenzene are very large, by molecular 
standards, and it is thus no surprise that isomerization modifies a wide host of material 
properties. 
This molecular displacement generates a nanoscale force, which has been 
measured in single-molecule force spectroscopy experiments,204,205 and compared to 
theory.206 In these experiments, illumination causes contraction of an azobenzene-
polymer, showing that each chromophore can exert pN molecular forces on demand. A 
pseudo-rotaxane that can be reversibly threaded-dethreaded using light has been called an 
"artificial molecular-Ievel machine.,,207,208 The ability to activate and power molecular-
level devices using light is of course attractive, since it circumvents the limitations 
inherent to diffusion or wiring. The fast response and lack of waste products in azo 
isomerization are also advantageous. Coupling these molecular-scale motions to do useful 
work is of course the next challenging step. Progress in this direction is evident from a 
wide variety of molecular switches that have been synthesized. For example, an azo 
linking two porphyrin rings enabled photo-control of electron transfer.209 In another 
example, dramatically different hydrogen-bonding networks (intermolecular and 
intramolecular) can be favored based on the isomeric state of the azo group linking two 
cyclic peptides.21 ,210 
1.3.2 Photobiological Experiments 
The molecular conformation change of the azo chromophore can be used to 
switch the conformation, and hence properties, of larger molecular systems to which it is 
attached. This is particularly interesting in the case of inclusion within molecular-scale 
biological systems. The bridging of biology and physical chemistry is an ever-expanding 
research domain. It is no surprise that the clean and unique azo photochemistry has been 
applied to switching biological systems. 59 One of the earliest investigations of 
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azobenzene in a biological context involved embedding azobenzene molecules into a 
model membrane system.211 Upon isomerization, the lamella were disrupted and 
rearranged, which also changed the enzymatic activity of membrane-bound proteins. The 
catalytic activity of a cyclodextrin with a histidine and azobenzene pendant was photo-
controllable because the trans version of the azo pendant can bind inside the cyclodextrin 
pocket, whereas the cis version liberated the catalytic site.212 Photo-regulation of 
polypeptide structure has been an active area ofresearch,213 with the azobenzenes making 
significant contributions. Azo-modified poly (L_alanine),58,214 poly(L-glutamic acidi15,216 
and POlY(L-lysine),217 among others, have been prepared. Depending on the system, 
photo-isomerization may cause no change,216 or can induce a substantial conformational 
change, including transitions from ordered chiral helix to disordered achiral chain,218-220 
changes in the a-helix content, or even reversible a-helix to (J-sheet conversions.221 AIso, 
owing to the change in local electrostatic environment, the pKa of the polypeptides can be 
controlled in these systems. 
Covalent attachment of azobenzene units to enzymes can modify prote in activity 
by distorting the protein structure with isomerization. This was used to control the 
enzyme activity of papain222,223 and the catalytic efficiency of lysozyme.224 A different 
methodology is to immobilize the protein of interest inside a photo-isomerizable 
copolymer matrix, which was used to control a_chymotrypsin.223,225,226 The azobenzene 
need not be directly incorporated into an enzyme of interest. In one case, the activity of 
tyrosinase could be modified by isomerization of small-molecule azo inhibitors.227 The 
photo-selective binding of short peptide fragments into enzymes can be used to inhibit, 
thus control, activity.228,229 Similarly, the binding of an azo-peptide with a monoclonal 
antibody was found to be photo-reversible?30 The photo-response of azobenzene can thus 
be used to control the availability of key biomolecules. In one case, NAD+ was modified 
with an azobenzene group, and introduced into a mixture with an antibody that binds to 
the trans form. 231 This binding makes NAD+ unavailable, whereas irradiation of the 
solution with uv light induces the trans to cis isomerization, and thereby liberates 
NAD+. 
Bioengineering has more recently been broadened by expanding the natural 
prote in alphabet with artificial amino acids. This enables novel and non-natural protein 
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sequences to be created, while still exploiting the highly efficient natural synthesis 
machinery. Chiral azobenzene amino acids have been synthesized, and incorporated into 
prote in sequences.232 The introduction of artificial photo active residues opens the 
possibility of photo-control of biological processes. For instance, E. coli variants were 
selectively evolved that would incorporate azobenzene amino acids into proteins, which 
enabled photo-control of prote in binding in that organism?33 For instance, photo-control 
of the binding affinity of a transcription factor to its promoter, allowed for, in essence, 
light-control of gene expression in the organism. In another case, a (negatively charged) 
hydrophilic azobenzene amino acid was incorporated into a restriction enzyme, and 
enabled control of activity with light.234,235 Specifically, the trans azo residue was 
positioned at the dimer interface, and disrupted association, whereas in the cis state, the 
proteins could aggregate and exhibit normal biological activity. It has also been suggested 
that the rapid switching of azobenzene could be used as a 'molecular shuttle' for electron 
transduction in enzyme systems?36 In effect, this would mean that light could be 
efficiently used to alter behaviour in yet another c1ass of enzymes. Incorporation of 
azobenzene into DNA is another interesting way to control biological systems. In one 
case, the duplex of modified DNA could be reversibly switched,237 since the trans 
azobenzene intercalates between base pairs, and helps bind the two strands of the double 
helix together, whereas the cis azobenzene disrupted the duplex.238 By incorporating an 
azobenzene unit into the promoter region of an otherwise normal DNA sequence, it was 
possible to photo-control gene expression.239 In this case, the trans versus cis states of the 
azo unit have different interactions with the polymerase enzyme. 
These experiments suggest an overall strategy to control biological systems using 
light. A complex biochemical pathway can be controlled by photo-regulating the activity 
or availability of a key biomolecule. This allows one to tum a biological process on and 
off at will, using light. The use inside living organisms is obviously more complicated, 
but one can reasonably easily apply these principles to control biological processes in 
industrially relevant settings. The ability to quickly and c1eanly switch biological activity 
using a short light pulse may find application in new microfluidic devices, which need to 
be able to address specifie device regions, and may rely upon natural molecular 
machinery to carry out certain tasks. Azobenzenes present unique opportunities in the 
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biological sciences for studying complex biological systems, in addition to controlling 
them. A bacteriorhodopsin analogue with a central azobenzene molecule, rather than the 
retinal, was prepared as a model system for studying rhodopsin.64 As expected, the 
azobenzene molecule did not interact as favourably with the protein host as strongly as 
the natural retinal. Despite this, the azo molecules could be coupled into the prote in (in 
the absence of retinal), and led to significant shifts in the physicochemical properties of 
the complex. Moreover, the azo molecule could be used as a probe of the inner protein 
domain (sensing pH, for instance). A particularly elegant experiment involved using 
azobenzenes to monitor prote in folding?40,241 Femtosecond two-dimensional infrared (2D 
IR) spectroscopy was used as a gauge of the distances between carbonyl groups in the 
peptide. An azobenzene chromophore, incorporated inside the polypeptide chain, acted 
as the photoswitch, initiating a conformational change, hence initiating prote in folding, 
on demand. Simultaneous time-resolved measurements of the azo spectra allowed 
determination of the folding dynamics. This unique measurement of protein folding 
behaviour was possible because of the photo-triggering nature of the azo unit. Ultrafast 
laser pulse experiments are being used to study a large number of chemical reactions, 
providing detail not before possible. This technique is, however, obviously limited to 
systems where the chemical events can be photo-triggered. By incorporating azobenzene 
units into new systems, one can generate a photo-triggerable system from an otherwise 
photo-inactive one. This strategy can thus be applied to a wide range of problems in 
chemical dynamics, with biological systems being obvious targets. 
1.3.3 Photo-Orientation 
Azobenzene chromophores can be oriented usmg polarized light,67,242 Via a 
statistical selection process, described schematically in Figure 1.9. Azobenzenes 
preferentially absorb light polarized along their transition dipole axis (long axis of the azo 
molecule). The probability of absorption varies as cos2cp, where cp is the angle between 
the light polarization and the azo dipole axis. Thus, azos oriented along the polarization 
of the light will absorb, whereas those oriented against the light polarization will not. For 
a given initial angular distribution of chromophores, many will absorb, convert into the 
cis form, and then revert to the trans form with a new random direction. Those 
chromophores that fall perpendicular to the light polarization will no longer isomerize 
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and reorient; hence, there is a net depletion of chromophores aligned with the light 
polarization, with a concomitant increase in the population of chromophores aligned 
perpendicular (i.e.: orientation ho le buming). This statistical reorientation is fast, and 
gives rise to strong birefringence (anisotropy in refractive index) and dichroism 
(anisotropy in absorption spectrum) due to the large anisotropy of the azo electronic 
system. The process is especially efficient due to the mesogen-like cooperative motion 
that the azobenzene groups facilitate, even in amorphous samples below Tg •107 Since the 
process requires cycling of the chromophores between trans and cis states, the pseudo-
stilbenes have the fastest response. 
The orientation due to polarized light is reversible. The direction can be modified 
by using a new polarization direction for the irradiating light. Circularly polarized light 
will randomize the chromophore orientations. It must be emphasized, however, that there 
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(a) 
Figure 1.9: Statistical photo-orientation of azo molecules. (a) The molecules 
aligned along the polarization direction of the incident light ab s orb , isomerize, 
and re-orient. Those aligned perpendicular cannot absorb and remain fixed. (b) 
Irradiation of an isotropic samples leads to accumulation of chromophores in the 
perpendicular direction. Circularly polarized light restores isotropy. 
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is another preferential alignment direction during irradiation: along the axis of the 
incoming light. It is unavoidable that chromophores will efficiently build-up aligned 
along the irradiation axis, but this is often ignored in the literature, or characterized as 
'photo-bleaching' when in fact it is a reversible photo-alignment (albeit one that reduces 
the absorbance as viewed by any photo-probe). Because unpolarized light can photo-
orient (along the axis of illumination),93 even sunlight is suitable. The motion of the sun 
through the sky over the course of a day can cause orientation at different tilt angles.243 
This causes chromophores at different depths to be oriented in different directions, which 
produces a net chiral he li cal ordering in the film of a particular handedness (based on the 
hemisphere in which the experiment is performed). The implications of such results to the 
origin of absolute chirality in biological systems are intriguing. 
1.3.3.1 Birefringence 
Irradiation with light polarized in the y-direction will lead to net alignment of 
chromophores in the x-direction. As a result, the refractive index probed in the x-
direction, nx, will measure the azo long axis, and will be larger than ny. Birefringence is 
the anisotropy in refractive index: I1n = nx - ny. Photo-alignment in azobenzene systems 
can achieve extremely high values of I1n, up to 0.3-0.5 at ~633 nm?44,245 Importantly, 
very high birefringence values can be obtained far outside of the azo absorption band, 
which means that the birefringence can be utilized/measured without disturbing the 
chromophores. An in-plane isotropic state (nx = ny) can be restored by irradiation with 
circularly polarized light, and a fully isotropic state can be obtained by heating above the 
glass-transition temperature. 
The exact nature of the orientation can be rigorously quantified using optical 
techniques. Using surface plasmon resonance spectroscopy or waveguide spectroscopy, 
the three orthogonal refractive indices in an oriented sample can be measured.246 Stokes 
polarimetry can be used to fully characterize the optical anisotropy, separating linear and 
circular components.247 The anisotropy of the cis population during irradiation can also 
be measured in sorne systems,248,249 where it is found that, as with trans, there is an 
enrichment perpendicular to the irradiation polarization. In sorne Le systems, however, it 
may occur that the cis population preferentially aligns with the irradiating polarization 
(which may be attributed to an optical Fréedericksz transition).250 
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The birefringence can be written and erased hundreds of thousands of times, 
which is important technologically.251 Amorphous polymer systems with relatively high 
glass-transition temperatures exhibit good temporal stability of any induced orientation. 
Upon heating, sorne order will be lost, with full isotropy restored after heating past Tg. A 
short spacer between the chromophore and the polymer backbone slows the growth of 
birefringence yet promotes stability, owing to hindered motion. Surprisingly, main-chain 
azos can achieve high levels of birefringence, indicating relatively high polymer 
mobility,z52-254 As might be expected, (nanosecond) pulsed experiments le ad to thermal 
effects, which enhance chromophore motion, and thereby induced greater birefringence, 
at the same net dose, compared to continuous-wave (cw) experiments.255,256 At very high 
pulsed fluence, the thermal effects were too great, and erased the induced birefringence. 
The easily inscribed and erased birefringence has a number of unique 
applications. Most readily, it can be used to create wave-plates,257 and polarization filters, 
which can be used to separate right-handed from left-handed circularly polarized light.258 
The strong refractive index contrast, if patterned into a line, can serve as a channel 
waveguide.259,260 This offers the unique possibility of optical devices that can be 
patterned, erased, and reused. In princip le, these photonic circuits could be altered during 
device operation, enabling optical routing of optical signaIs (i.e.: optical computing). The 
switching of orientational order can thus be used as an all-optical switch.261 By 
illuminating an azo sample with a spatially varying light pattern, birefringence gratings 
can also be formed.262-264 These are phase gratings, as opposed to amplitude gratings, and 
diffract light based on spatial variation of the refractive index. This is the essence of 
holography: two interfering coherent beams generate a spatially varying light pattern, 
which is encoded into the material. Under illumination of the material with one of the 
beams, the diffraction reproduces the other encoded beam. In the case of liquid crystal 
samples, light induces a spatial pattern of nematic and isotropic zones (which have 
different refractive indices). These holographie phase grating can be rapidly formed, 
erased, and switched.265 
1.3.3.2 Non-Linear Optics 
The requirements for non-linear optical (NLO) response in any material is an 
asymmetric (strictly, anharmonic) response of the electronic system. Pseudo-stilbenes, 
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which have push/pull substituents, have a strongly asymmetric electron distribution, 
which makes them ideal NLO molecules (see, for instance, Figure 1.10). For a bulk NLO 
response, one requires an overall non-centrosymmetric material. This requirement is 
achieved in many inorganic crystals. In organic systems, the broken symmetry is 
typically obtained by applying an electric field at a temperature sufficient to allow for the 
molecular dipoles to align with the field. This process is called electric field poling, and is 
accomplished using interdigitated or flat electrodes, or a sharp charged needle (or grid) 
held above a grounded sample (called corona poling). The NLO response is typically 
quantified using second-harmonic generation (SHG; the emission of light at double the 
frequency of the incident beam), the electrooptic effect (change of refractive index upon 
application of an electric field), or wave mixing experiments (where various frequencies 
of light can be synthesized or enhanced). These also constitute the main applications of 
NLO materials: they can be used to synthesize new frequencies of light, to electrically 
switch a beam, or to allow two beams of light to interact and couple (which can form the 
basis of an all-optical switch).266 
Azo-polymers have been shown to be excellent NLO materials.7,267-269 In azo 
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Figure 1.10: Example of a non-linear optic azo-polymer, used for photo-assisted 
poling. 
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systems, one has the additional advantage of using light to affect the chromophores. 
Although photo-alignment orients the chromophore axis, it does not select out a preferred 
direction for the molecular dipole (thus, an equal number of dipoles point 'left' and point 
'right'). In fact, evidence suggests that dipoles in these systems tend to orient antiparallel 
(H-aggregates),270,271 thereby canceling polar order. Nevertheless, the photo-alignment 
can be used to facilitate the electric poling, enabling it to be performed at room 
temperature and with a small dc field.272-275 Furthermore, by using polarized light and its 
harmonic, a net non-centrosymmetry can be obtained in an all-optical process.276,277 This 
occurs because the mixture of a primary beam and its second harmonic creates a 
directional electric field in the material. 
Another interesting approach for NLO uses dendrons ('half-dendrimers') with azo 
functionalities.278 The dendritic architecture forces all the chromophores within the 
dendron to align, which strongly enhances the NLO response. The dendron had a first-
order molecular hyperpolarizability 20 times larger than the monomer. With regard to 
applications, the azos have been shown to function as electro-optical switches,279 and to 
exhibit photorefraction,72,280-282 an NLO effect where photoconductivity permits light to 
establish a space charge grating, whose associated index grating refracts a probe light 
beam. 
1.3.4 Domain Motion 
The orientation and reorientation of liquid crystalline domains has already been 
outlined. The azo chromophores act as mesogens, and their photo-alignment becomes 
transferred to the Le ho st. A very small azo content (a few mol% 112) can lead to 
orientational control of Le domains. This is an excellent example of amplification of the 
azo molecular motion. The phase of a liquid crystal can also be switched with light. 
Irradiation produces cis isomers, which are po or mesogens and destabilize the nematic 
phase, thereby inducing a phase transition to the isotropic state. There are comparatively 
few examples of photo-triggered increases in Le ordering. In one case, a nanoscale phase 
separation of the cis isomers led to a net increase in the order parameter of the Le 
phase.283 In another system, a chiral azo was found to induce a cholesteric phase when it 
was in the cis state.284 
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With liquid crystalline285 or preoriented amorphous samples,286 one can photo-
induce a chiral domain structure. Incident circularly polarized light becomes elliptically 
polarized due to the first oriented layer. This ellipse subsequently reorients deeper 
chromophores, which in tum modify the ellipticity of the light. This reorientation 
continues throughout the film depth. Overall, a chiral ordering of the chromophore 
domains is established?87 Remarkably, one can switch between a right- and left-handed 
supramolecular helix at will, by changing the incident light handedness. There are many 
other examples of photo-control of supramolecular order. The pitch of a cholesteric Le 
can be modified by isomerization.288 Biomacromolecular variants abound.59 Azo-
modified polypeptides can be photoswitched between ordered states (a-helix or IJ-sheet) 
and a random coil.219,220,289 The duplex of modified DNA can be reversibly switched,237 
and the catalytic activity of histidine can be controlled.212 
Photo-isomerization can also affect self-assembly behavior at the domain level. 
On irradiation, one can induce a phase change,290 a solubility change/91 ,292 
crystallization,293 or even reversaI of phase separation.294 The critical micelle 
concentration (cmc) and surface activity can also be modified.295 In an amphiphilic 
polypeptide system, self-assembled micelles were formed in the dark, and could be 
disaggregated with light.296 When allowed to assemble as a transmembrane structure, the 
aggregate could be reversibly formed and destroyed using light, which allowed for 
reversible photoswitching of ion transport?97 Related experiments on methacrylates298,299 
and polypeptides214 showed that a polymer's chiral helix could be reversibly suppressed 
on irradiation. In a series of polyisocyanate polymers, it could be selected whether 
irradiation would suppress or increase chirality.300,301 
1.3.5 Micron-Scale Motion 
The azos exhibit a unique and remarkable surface-mass transport under light 
illumination. This optical patteming represents massive material transport at a 
micrometer and sub-micrometer lengthscale. This mass transport provides a unique 
opportunity for nanostructure formation, and will be described in detail in section 1.4. 
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1.3.6 Macroscopic Motion 
It is interesting to study whether the azobenzene molecular conformational 
changes can result in changes to bulk phenomena, or even to macroscopic motion. The 
first consideration is whether the material expands to an appreciable extent. In 
monolayers, it is well established that the larger molecular size of the Gis isomer leads to 
a corresponding lateral expansion,302 which can modify other bulk properties. For 
instance, this allows photo-modulation of a monolayer's water contact angle303 or surface 
potentia1.304 Using fluorinated azo-polymer, good photo-controe05 and photo-
patterning306 of wettability has been demonstrated. A mono layer of azo-modified 
calixarene, when irradiated with a light gradient, produced a gradient in surface energy 
sufficient to move a macroscopic oil droplet/07 suggesting possible applications in 
microfluidics. Modest photo-induced contact angle changes for thin polymer films have 
also been reported.49 Recently an azobenzene copolymer assembled into polyelectrolyte 
multilayer showed a modest 2° change in contact angle with UV light irradiation. 
However, when the same copolymer was assembled onto a patterned substrate, the 
change in contact angle upon irradiation was enhanced308 to 70°.309 That surface 
roughness plays a role in contact angle is well established, and shows that many systems 
can be optimized to give rise to a large change in surface properties. 
In layered inorganic systems with intercalated azobenzenes, reversible photo-
changes in the basal spacing (on the order of 4%) can be achieved.310,311 In polymer films, 
there is sorne evidence that the film thickness increases, as measured by ellipsometry259 
(the refractive index certainly changes,312 but this is not an unambiguous demonstration 
of expansion/contraction). Related are experiments that show that external applied 
pressure tends to hinder photo-isomerization?J3 Photo-contraction for semicrystalline 
main-chain azos has been measured.76,314 This photomechanical response presumably 
occurs because of the shortening of the polymer chains upon trans ~ Gis conversion. On 
the other hand, photo-expansion would seem to be contradicted by positron lifetime 
experiments that suggest no change in microscopic free volume cavity size during 
irradiation.315 More conclusive experiments are in order. 
The most convincing demonstration of macroscopic motion due to azo 
isomerization is the mechanical bending and unbending of a free-standing polymer 
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film. 316,317 The macroscopic bending direction may be selected either with polarized light, 
or by aligning the chromophores with rubbing. Bending occurs in these relatively thick 
films because the free surface (which absorbs light) contracts, whereas the interior of the 
film (which is not irradiated owing to the strong absorption of the upper part of the film) 
does not contract. Because the direction ofbending can be controlled with polarized light, 
the materials enable full directional photomechanical contro1.318 This photomechanical 
deformation has also been used to drive macroscopic motion of a floating film. 319 That 
these materials contract (rather than expand) appears again to be related to the main-chain 
azo groups, and may also be related to the LC nature of the crosslinked gels. For a thin 
film floating on a water surface, a contraction in the direction of polarized light was seen 
for LC materials, whereas an expansion was seen for amorphous materials.32o A related 
amplification of azo motion to macroscopic motion is the photo-induced bending of a 
microcantilever coated with an azobenzene mono layer. 321 One can also invert the 
coupling of mechanical and optical effects: by stretching an elastomeric azo film 
containing a grating, one can affect its wavelength-selection properties and orient 
chromophores.322 
1.3.7 Other Applications of Azobenzenes 
1.3.7.1 Photoswitches 
As already pointed out, the azo isomerization can be used to photoswitch a wide 
variety of other properties (at numerous size-scales). In addition to the optical changes 
already described, it is worth noting that the transient change in material refractive index 
(due to the different n of cis and trans) can itself act as a photoswitch.323 The azo 
photochromism has even been suggested as a possible optical neural network element.324 
Binding and transport properties can also be photoswitched.91 ,325 In sorne systems the 
redox potential and ionic conductivity can be switched with light. 326 Crown_ethers327,328 
and calixarenes329 functionalized with azobenzene can be used as reversible ion-binding 
systems. Thus, ion transport can be photo-regulated. In other cases, the transport 
properties can be photo-controlled not via binding, but based on changes in pore sizes.330-
332 In a particularly elegant example, the size of nanochannels could be modified by 
irradiating azo ligands which decorated the channel walls.333 Azo-derivatized gramicidin 
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ion channels represent a unique case where ion transport can be photo-controlled by 
optical manipulation of a biomolecule.334 In addition to obvious applications in controlled 
transport, this offers the possibility of studying cells by controlling the timing of ion 
exchange processes. Photo-induced catalysis is also possible: for instance, using 
molecules where only the cis form is catalytically active.335 Extension of the molecular 
imprinting technique to azo-polymers allows for photoswitching of binding activity with 
respect to the imprinted molecule.336 
1.3.7.2 Photoprobes 
The properties of an azo chromophore (spectrum, isomerization kinetics, etc.) 
depend strongly on the local environment. This enables the possibility of using the 
chromophore as a molecular sensing element: a photoprobe. For instance, it has been 
found that many azo properties depend on local H+ concentration, to the extent that the 
azo can in fact be used as a pH meter. 156,337 As already mentioned, the isomerization 
kinetics can also be used as a probe of free volume,15,202 local aggregation,50 or phase 
transitions. The azo molecule is small and exhibits clean photochemistry, which makes it 
more versatile and robust than many other photoprobes. The rate of isomerization is also 
remarkably insensitive to temperature,338 yet sensitive to local solvent conditions.50,339 
This is an area of research that deserves considerably more attention. 
In a more sophisticated example, azo chromophores were used to monitor protein 
folding. 24o,241 Specifically, femtosecond two-dimensional infrared (2D IR) spectroscopy 
was used to monitor the distances between carbonyl groups in the peptide. An azo 
chromophore, incorporated inside the polypeptide chain, was used as a photoswitch to 
initiate a conformational change, hence initiate prote in folding, on demand. Combined 
with time-resolved monitoring of the azo spectrum, this allows the de convolution of 
folding dynamics. Pump-probe ultrafast laser pulse experiments are being used to study 
many different chemical reactions, but are obviously limited to reactions that can be 
triggered by light. Incorporating azobenzene into the experiment allows a wider range of 
reactions to be photo-triggered. 
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1.3.7.3 Optical Data Storage 
The azos have been investigated as optical storage media for sorne time. Early 
proofs of principle were on Langmuir-Blodgett films, using photochromism340 or 
birefringence.341 Increasingly, amorphous polymer systems are being recognized as 
promising materials. In these easily processed systems, the birefringence is strong, stable, 
and switchable, making them ideal for optical memories. A single domain could encode 
one bit by either being isotropic or birefringent, a difference that is easily probed 
optically. The /).n values are large enough, in fact, that a gray-Ievel algorithm could be 
used, where each domain stores more than one bit of data. On the negative side, the 
photo-alignment generated in the direction of the read/write beam leads to an effective 
loss of material performance with time. Full anisotropy could be restored with heat, 
however (which can be local and photo-induced, with appropriate device setup). The 
feasibility of storing -30 GBytes of data on a single-layer of a removable disk using this 
gray-level approach has been demonstrated.245 
Even the fastest photo-induced birefringence ln azo systems requires 
milliseconds, and is slow compared to most computer timescales. However, optical data 
storage is amenable to gray-level read/write/42 and to storinglretrieving full two-
dimensional 'pages' of data at a time. In princip le, azo systems could achieve high data 
storage and retrieval speeds. The full three-dimensional volume of a material can be used 
by encoding many layers of two-dimensional data (pages) one on top of the other.343,344 
This is accomplished by moving the optical focal plane through the material. 
An intriguing possibility for high-density storage is to use angular 
multiplexing.245 By storing multiple superimposed holograms in a single material, the 
data density is increased dramatically, and the whole three-dimensional volume of the 
material is exploited.345 Volume phase holograms in azo systems can have diffraction 
efficiencies greater than 90%,346 making data readout robust. The hologram is encoded by 
interfering a reference beam and a writing beam inside the sample volume, at a particular 
angle. The write beam, having passed through a spatial light modulator (SLM), has a 
pattern corresponding to the data, which is then holographically encoded in the sample. 
The entire page of data is written at once. By selecting different angles, new pages of data 
can be written. To readout a page, the azo-sample is set at the correct angle and 
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illuminated with the reference beam. The resulting diffraction pattern is imaged on a 
CCD array, which measures the encoded beam pattern (data). The volume of data and 
transmission rate is clearly large: projections of ~ 1000 GBytes in a single disk have been 
made. Since the entire hologram image is stored throughout the material, the technique is 
fairly insensitive to dust, scratches, and pinpoint defects. 
The use of azo-substituted peptide oligomers appears to enable control of the 
order, hence optimization for holographic applications.347 Optical memories would be 
considerably enhanced by using two-photon processes. This allows the addressable 
volume to be smaller and better defined, while reducing crosstalk between encoded 
pages. Sorne azo chromophores exhibit 'biphotonic' phenomena, which could be 
employed to enhance optical data storage. 
1.4. Surface Mass Transport 
In 1995, a surprising and unprecedented optical effect was discovered in polymer 
thin films containing the azo chromophore Disperse Red 1 (DR1), shown in Figure 1.11. 
The Natansohn/Rochon348 research team and the TripathylKumar collaboration349 
simultaneously and independently discovered a large-scale surface mass transport when 
the films were irradiated with a light interference pattern. In a typical experiment, two 
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Figure 1.11: Chemical structure ofpoly(disperse red 1) acrylate, pdr1a, a pseudo-
stilbene side-chain azo-polymer that generates high-quality surface-relief 
structures. 
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coherent laser beams, with a wavelength in the azo absorption band, are intersected at the 
sample surface (refer to Figure 1.12). The sample usually consists of a thin spin-cast film 
(10-1000 nm) of an amorphous azo-polymer on a transparent substrate. The sinusoidal 
light interference pattern at the sample surface leads to a sinusoidal surface patterning, 
i.e.: a surface relief grating (SRG). These gratings were found to be extremely large, up to 
hundreds of nanometers, as confirrned by AFM (Figure 1.13). The SRGs diffract very 
efficiently, and in retrospect it is clear that many reports of large diffraction efficiency 
prior to 1995, attributed to birefringence, were in fact due to surface gratings. The process 
occurs readily at room temperature (well below the Tg of the amorphous polymers used) 
with moderate irradiation (1-100 mW/cm2) over seconds to minutes. The phenomenon is 
a reversible mass transport, not irreversible material ablation, since a flat film with the 
original thickness is recovered upon heating above Tg. Critically, it requires the presence 
and isomerization of azobenzene chromophores. Other absorbing but non-isomerizing 
chromophores do not produce SRGs. Many other systems can exhibit optical surface 
patterning/50 but the amplitude of the modification is much smaller, does not involve 
mass transport, and usually requires additional processing steps. The all-optical 
patterning unique to azobenzenes has been studied intensively since its discovery, yet 
there remains controversy regarding the mechanism. The competing interpretations will 
be discussed and evaluated here. Many reviews of the remarkable body of experimental 
results are available.7,70,197,351 
1.4.1 Experimental Observations 
1.4.1.1 Dependence on Optical Parameters 
The surface mass patterning unique to azobenzenes is a fundamentally optical 
process, whereby the incident light pattern is encoded in the material. In a surface relief 
grating experiment, two beams are intersected at an angle 28 at the sample surface, giving 
rise to an SRG with period: 
A= IL 
2sinB 
(1.1) 
where À is the wavelength of the inscription light. The amplitude (height) of the SRG 
depends upon the inscription angle, displaying a maximum at 8~ 15°.352,353 Grating height 
increases non-linearly with irradiation time and power, up to a saturation point.354,355 At 
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moderate fluence, the grating efficiency depends only on the net exposure, not on the 
temporal distribution of irradiation. Gratings can be formed with intensities as low as 1 
mW/cm2, as long as the inscription wavelength is within the azo absorption band. Most 
chromophores used for SRG formation have a strong overlap of their trans and cis 
absorption spectra, allowing both isomers to be excited with a single wavelength. On the 
other hand, sorne experiments have been performed using azobenzenes with trans 
absorption in the blue, and cis absorption in the red.356,357 Using an interference pattern of 
red HeNe beams, inscription only occurs if a blue pump beam concurrently irradiates. 
This biphotonic phenomenon proves that cycling of chromophores, and not simply 
isomerization, is required for grating formation. 
(a) 
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Figure 1.12: Experimental setup for the inscription of a surface relief grating: S 
refers to the sample, Mare mirrors, D is a detector for the diffraction of the probe 
beam, WP is a waveplate (or generally a combination ofpolarizing elements), and 
BS is a 50% beam splitter. The probe beam is usually a HeNe (633 nm) and the 
inscription beam is chosen based on the chromophore absorption band (often Ar + 
488 nm). (a) A simple one-beam inscription involves reflecting half of the 
incident beam off of a mirror adjacent to the sample. (b) A two-beam interference 
setup enables independent manipulation of the polarization state of the two 
incident beams. 
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The phase relationship between the incident light field and the resulting surface 
deformation is crucial in understanding the mechanism of grating formation (Figure 
1.14). Early investigations using the diffraction of an edge,348,358,359 and single-beam 
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Figure 1.13: AFM image of a typical surface relief grating (SRG) optically 
inscribed into an azo-polymer film. Grating amplitudes of hundreds of 
nanometers, on the order of the original film thickness, are easily obtained. In this 
image, the approximate location of the film-substrate interface has been set to z = 
0, based on knowledge of the film thickness. 
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Figure 1.14: Schematic of a grating with spacing A and amplitude h. The usual 
phase relationship is indicated: light intensity maxima correspond to valleys in the 
surface relief. 
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surface deformations36o convincingly showed that the light and surface relief are 180° out 
of phase. That is, light intensity maxima correspond to valleys in the surface relief. In 
effect, material is moved out of the light and into the dark regions. This mIe appears to 
ho Id in the majority of cases, yet in a number of systems the phase relationship seems to 
be exactly inverted, with mass transport into illuminated regions. Specifically, in certain 
liquid crystalline systems, the phase behavior is inverted.320,361,362 In one study, an 
amorphous material exhibited the 'usual' phase behavior, and a thin film ofthis polymer 
floating on water expanded in the direction of the light polarization. A similar Le azo-
polymer exhibited inverted phase behavior in SRG experiments, and contracted in the 
direction of polarized illumination as a floating film. The tempting conclusion is that 
amorphous and polymeric systems exhibit opposite photomechanical response, which 
translates into opposite phase behavior in grating inscription. A possibly relevant 
experiment showed that for Le systems, the Gis chromophores may bec orne preferentially 
oriented along the light polarization direction, instead of perpendicular to it.250 It should 
be pointed out, however, that sorne Le systems exhibit the 'usual' phase relationship,363 
and in one Le system, modification of a single ring substituent led to opposite phase 
behavior.362 
Adding to the complexity of the phase relationship, it was observed that at high 
irradiation power (>300 W/cm2) the behavior was inverted in amorphous systems.354 
Single-beam experiments at high power showed a central peak instead of a depression. 
By exposing a sample to a gradient two-beam intersection, a film was inscribed with a 
continuum of laser intensitites. An in-phase grating was found in the high-power region, 
and a conventional out-of-phase SRG in the low-power region. The intermediate region 
clearly showed interdigitation of the peaks from the two regimes, resembling a doubling 
of grating period observed by others. These double-period gratings can be formed in a 
number of amorphous systems, using the polarization combinations of (p, p) or (+45°, 
-45°), with indications that even the (s, s) and (p, s) combinations function to a certain 
extent. 364-367 Observations of a double-frequency orientational grating undemeath a 
normal surface relief grating have also been reported.368 The double-period surface relief 
gratings were attributed to interference between the diffracted beams from the primary 
grating, which gives rise to a light modulation, with double the initial frequency, in the 
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material. Whether these double-period gratings are related to the inverted structures 
observed in high-intensity experiments and sorne Le systems is an open question. It is 
interesting to note that sorne of the amorphous polymers that exhibit double-frequency 
behavior have accessible Le phases at higher temperature. These phase behavior results 
strongly suggest that there are (at least) two mechanisms at play during surface 
patterning. One dominates at low intensity in amorphous systems, while another appears 
to dominate at higher intensity and in Le systems. From an applied standpoint, these 
double-period gratings are of great interest, as they represent a means of generating 
patterned structures below the usual diffraction limit of far-field opticallithography. 
Polarization Electric Field in xy Plane SRG 
of beams: Quality 
+11" +11"/2 0 -11"/2 -11" 
x: +A/2 +A/4 0 -A/4 -A/2 
5 : 5 t 6- Poor ~ ~ • ~ ~ • 
5 : p 0 0 4 ~~ , Ji" , 
p:p 3 
~~ 
.lJ' plane + ~ ~ ~ + 
xz plane t 0 ~ 0 t 
+450 : +450 5 
~ ~ 
-
~ Ji" ~ 
-
+450 : -450 0 t 0 2-Good ~ ~ ~ ~ 
RCP : RCP 6 0 6 7 -Worst 6 6 b b 
RCP : LCP 
Ji" t , 1 - Best 6 è ~ ~ 
Table 1.1: Polarization patterns at the sample surface during SRG inscription 
using a variety of polarized beam combinations. The 'quality' of the SRG (as 
determined by grating height) is shown for comparison. 
Of considerable importance is the fact that the optical inscription process is 
sensitive to both intensity and polarization.369 Different polarization combinations lead to 
different amplitudes, h, of the inscribed SRG, as shown in Table 1.1 (the coordinate 
system is shown in Figure 1.15). An optical field vector component in the direction of 
light modulation (hence mass transport) appears necessary.360 Interestingly, SRGs can 
even be formed via pure polarization patterns, where the light intensity is uniform over 
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the sample surface.37o In fact, the (s, s) and (RCP, RCP) combinations, which correspond 
to mainly variations in intensity and Httle to no polarization contrast, produce very poor 
SRGs. By contrast, the best gratings are obtained with (+45°, --45°) and (RCP, LCP) 
combinations, which involves primarily variation in polarization state across the film. It 
should be note d, however, that the exact polarization pattern present inside the material is 
not known. The pattern impinging on the sample is readily calculated from knowledge of 
the input polarizations, yet in the bulk of the material the light pattern will be redirected 
and re-polarized based on the detailed three-dimensional structure of the surface, 
refractive index, and birefringence. The optical erasure of an SRG, performed by 
homogenous irradiation, is also polarization-dependant.371 ,372 Thus, the gratings possess a 
memory of the polarization state during inscription, encoded in the orientational 
distribution of chromophores at various grating positions. Typically, gratings inscribed 
with highly favorable polarization combinations will be optically erased more quickly. 
The s-polarization state, which produces poor gratings, is generally optimal for 
performing the erasure. These results are obviously related to the orientational 
distribution of chromophores after surface patterning, and their subsequent interaction 
with the erasing polarization. 
s polarization 
z 
x 
y 
Figure 1.15: Coordinate system used to de scribe surface relief grating inscription, 
with x running along the direction of light modulation. The two incident beams 
have their polarization state controlled. The s polarization is parallel to the 
surface, whereas the p state is parallel to the plane-of-incidence. 
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1.4.1.2 Patterning 
In a typical inscription experiment, a sinusoidally-varying light pattern is 
generated at the sample surface. What results is a sinusoidal surface profile: a surface 
relief grating (SRG). This is the pattern most often reported in the literature, because it is 
conveniently generated (by intersecting two coherent beams) and easily monitored (by 
recording the diffraction intensity at a non-absorbing wavelength, usually using a HeNe 
laser at 633 nm). However, it must be emphasized that the azo surface mass transport can 
produce arbitrary patterns. Essentially, the film encodes the impinging light pattern as a 
topography pattern. Both the intensity and the polarization of light are encoded. What 
appears to be essential is a gradient in the intensity and/or polarization of the incident 
light field. For instance, a single focused gaussian laser spot will lead to a localized 
depression, a gaussian line will lead to an elongated trench, etc.360 In principle, any 
arbitrary pattern could be generated through an appropriate mask, 
interference/holographic setup, or scanning of a laser SpOt. 197 
Concomitant with the inscription of a surface relief is a photo-orientation of the 
azo chromophores, which depends on the polarization of the incident beam(s). The 
orientation of chromophores in SRG experiments has been measured using polarized 
Raman confocal microspectrometry.365,367,373 The strong surface orientation is confirmed 
by photoelectron spectroscopy.374 What is found is that the chromophores orient 
perpendicular to the local polarization vector of the impinging interference pattern. Thus, 
for a (+45°, --45°) two-beam interference: in the valleys (x = 0) the electric field is aligned 
in the y-direction, so the chromophores orient in the x-direction; in the peaks (x = A/2) 
the chromophores orient in the y-direction; in the slope regions (x = A/4) the electric field 
is circularly polarized and thus the chromophores are nearly isotropic. For a (p, p) two-
beam interference, it is observed that the chromophores are primarily oriented in the y-
direction everywhere, since the impinging light pattern is always linearly polarized in the 
x-direction. Mass transport may lead to perturbations in the orientational distribution, but 
photo-orientation remains the dominant effect. 
The anisotropy grating that is submerged below a surface relief grating apparently 
leads to the formation of a density grating under appropriate conditions. It was found that 
upon annealing an SRG, which erases the surface grating and restores a flat film surface, 
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a density grating began growing beneath the surface (and into the film bulk).375,376 This 
density grating only develops where the SRG was originally inscribed. It appears that the 
photo-orientation and mass transport leads to the nucleation of liquid crystalline 'seeding 
aggregates' that are thermally grown into larger-scale density variations. The thermal 
erasure of the SRG, with concomitant growth of the density grating, has been measured377 
and modeled.378 Separating the components due to the surface relief and the density 
grating is described in a later section. Briefly, the diffraction of a visible-light laser 
primarily probes the surface relief, whereas a simultaneous x-ray diffraction experiment 
probes the density grating. The formation of a density grating is similar to, and consistent 
with, the production of surface topography379 and surface density patterns,380 as observed 
by tapping mode AFM, on an azo film exposed to an optical near field. In these 
experiments, it was found that volume is not strictly conserved during surface 
deformation,381 consistent with changes in density. 
1.4.1.3 Dependence on Material Properties 
For all-optical surface patterning to occur, one necessarily requires azobenzene 
chromophores in sorne form. There are, however, a wide variety of azo materials that 
have exhibited surface mass patterning. This makes the process much more attractive 
from an applied standpoint: it is not merely a curiosity restricted to a single system, but 
rather a fundamental phenomenon that can be engineered into a wide variety of materials. 
It was recognized early on that the gratings do not form in systems of small molecules 
(for instance, comparing unreacted monomers to their corresponding polymers). The 
polymer molecular weight (MW), however, must not be too large.353 Presumably a large 
MW eventually introduces entanglements which act as crosslinks, hindering polymer 
motion. Thus intermediate molecular weight polymers (MW ~ 103, arguably oligomers) 
are optimal. That having been said, there are many noteworthy counterexamples. Weak 
SRGs can be formed in polyelectrolyte multilayers, which are essentially crosslinked-
polymer systems. 161 ,176,188,193 Efficient grating formation has also been demonstrated 
using an azo-cellulose with ultra-high molecular weight (MW ~ 10\382,383 In a high 
molecular weight polypeptide (MW ~ 105), gratings could be formed where the grating 
amplitude was dependant on the polymer conformation?84 Restricted conformations (X-
helices and (3-sheets) hindered SRG formation. 
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The opposite extreme has also been investigated: molecular glasses (amorphous 
non-polymeric azos with bulky pendants) exhibited significant SRG formation.385-387 In 
fact, the molecular version formed gratings more quickly than its corresponding 
polymer.388 Another set of experiments compared the formation of gratings in two related 
arrangements: (1) a thin film of polymer and small-molecule azo mixed together, and (2) 
a layered system, where a layer of the small-molecule azo was deposited on top of the 
pure polymer.389 The SRG was negligible in the layered case. Whereas the authors 
suggest that 'layering' inhibits SRG formation, it may be interpreted that coupling to a 
host polymer matrix enhances mass transport, perhaps by providing rigidity necessary for 
fixation of the pattern. A copolymer study did in fact indicate that strong coupling of the 
mesogen to the polymer enhanced SRG formation,39o and molecular glasses with 
hindered structures also enhanced grating formation.391 
Gratings have also been formed in liquid crystalline systems.361 ,362 In sorne 
systems, it was found that adding stoichiometric quantities of a non-azo Le guest greatly 
improved the grating inscription.392,393 This suggests that SRG formation may be an 
inherently cooperative process, related to the mesogenic nature of the azo chromophore. 
The inscription sometimes requires higher power (>1 W/cm2) than in amorphous 
systems.394 In dendrimer systems, the quality of the SRG depends on the generation 
number.395 
Maximizing the content of azo chromophore usually enhances SRG formation,355 
although sorne studies have found that intermediate functionalization (50-80%) created 
the largest SRG.396,397 Sorne attempts have been made to probe the effect of free volume. 
By attaching substituents to the azo-ring, its steric bulk is increased, which presumably 
increases the free volume requirement for isomerization. However, substitution also 
invariably affects the isomerization rate-constants, quantum yield, refractive index, etc. 
This makes any analysis ambiguous. At least in the case of photo-orientation, the rate of 
inscription appears slower for bulkier chromophores, although the net orientation is 
similar.398,399 For grating formation, it would appear that chromophore bulk is of 
secondary importance to many other inscription parameters. The mass transport occurs 
readily at room temperature, which is weIl below the glass-to-rubber transition 
temperature (Tg) of the amorphous polymers typically used. Gratings can even be formed 
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III polymers with exceptionally high Tg ,252 sometimes higher than 370°C.400 These 
gratings can sometimes be difficult to erase via annealing.401 
1.4.1.4 Photo-Softening 
The formation of an SRG involves massive material motion. It would appear that 
the process is in sorne way a surface phenomenon, since non-azo capping layers tend to 
inhibit the phenomenon.402 Many other experiments, however, confirm that azos deeper 
in the film (which still absorb light) contribute to the mass transport.403 It is clear that the 
azobenzene isomerization is necessary to permit bulk material flow well below the 
polymer Tg. It is usually postulated that repeated trans~cis~trans cycles 'photo-soften' 
or 'photo-plasticize' the polymer matrix, enhancing polymer mobility by orders of 
magnitude. While this explanation is very compelling, its direct observation has proved 
ambiguous. Clearly motion is enabled during isomerization, as demonstrated by mass 
transport, increases in gas permeability,404 the segregation of sorne material components 
to the free surface,405 and the ability to optically erase SRGS?56,371,372 The fact that 
incoherent illumination during SRG inscription enhances grating formation may also be 
interpreted as evidence that photo-softening is a dominant requirement for mass 
transport.406 Numerous reports have confirmed a reduction in the viscosity of polymer 
solutions upon trans to cis conversion.407-409 This photo-thinning can be attributed to both 
chain conformation (reduced hydrodynamic size) and interchain interactions. The extent 
to which such results can be extended into bulk films is debatable. It is also worth noting 
that a depression of Tg near the surface of a polymer film is now well-established.410 One 
might be tempted to explain the mass transport by suggesting that an ultra-thin layer of 
polymer material at the surface is sufficiently mobile (below Tg) to move, thereby 
exposing 'fresh surface' which then becomes mobile. However, the Tg depressions 
typically measured are not sufficient to account for the process (especially in high-Tg 
samples). Moreover, this does not explain why the mass patteming is only observed in 
samples that contain azobenzene. 
Despite compelling indirect experiments, there are few results that directly 
suggest photo-softening in bulk samples. Hints from AFM response/59 experiments with 
a quartz crystal microbalance,411 and electromechanical spectroscopy411-413 all indicate 
that photo-softening is occurring. However, the magnitude of the effect is quite small 
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«10% change in modulus), and certainly much smaller than the change in mechanical 
response that occurs upon heating a polymer to Tg. Thus, although mobility appears to be 
comparable to a polymer above Tg, other mechanical properties are only slightly 
modified. It may indeed be that isomerization merely enables localized molecular motion, 
but that the continuaI creation of molecular free volume pockets, which are then re-
occupied by neighboring isomerizing chromophores, enables a net cooperative movement 
of material, akin to the displacement of a vacancy defect in a crystal or a hole in a 
semiconductor.412 More investigations, for instance using AFM in the force-distance 
mode,414 may help to settle these questions. 
1.4.1.5 Measuring Gratings 
The formation of an SRG is typically monitored via the diffraction of a probe 
laser beam. One must be careful in analyzing this diffraction efficiency, however, 
because a number of simultaneous gratings will be generated in an azo-sample during 
illumination with a light pattern (Figure 1.16). A light intensity pattern will lead to a 
(a) 
(b) 
(c) 
(d) 
Figure 1.16: Schematic of the different gratings that are formed during 
illumination of an azo sample. (a) Surface relief grating (SRG). (b) Density 
grating (DG). (c) Birefringence (orientational) grating. (d) Chemical (trans/cis) 
grating. All the gratings contribute to the observed diffraction efficiency, to 
varying extents. Gratings (b), (c) and (d) are all refractive-index gratings. 
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chemical grating, since illuminated regions will be more cis-rich than dark regions. The 
resultant spatial variation of absorbance and refractive index will lead to various optical 
effects, inc1uding diffraction. This grating is temporary, persisting only during irradiation. 
Simultaneously, a birefringence grating will be inscribed. These birefringence patterns 
are stable and contribute to the observed final diffraction efficiency. A surface relief 
grating is of course induced if there is any spatial variation in intensity and/or 
polarization, and diffraction from this grating is very large, sometimes overwhelming 
other effects. Lastly, a density grating appears to be seeded beneath the material surface, 
which will also lead to periodic variation of refractive index. 
The contributions to diffraction due to the surface relief and birefringence gratings 
can be deconvoluted using a Jones matrix formalism applied to polarized measurements 
of the 1 st-order diffracted beams.69,390,415-417 Similarly, scattering theory378,418 was used to 
fit visible-light and x-ray diffraction data,377,403,419-421 in order to deconvolute 
contributions due to surface relief and density (refractive index) gratings. For scattering 
from an SRG, the x and z components of the momentum transfer are: 
qx = k(sinef - sine;) (1.2) 
qz = nk(cosei + cosef ) 
where Oi and Of are the incident and reflected angles, and k = 27r/À. For the visible 
diffracted peak of order rn (i.e., when q x = m2" / A), the scattering intensity was derived 
to be: 
(1.3) 
where dis the film thickness, h is the grating height, t1nm is the m-th Fourier component 
of the refractive-index grating, and Jm the rn-th Bessel function. These Bessel functions 
can give rise to oscillations in the diffraction signal (Figure 1.17). Thus, one must be 
careful not to implicitly assume a linear dependence between grating amplitude and 
diffraction efficiency. Clearly, both the density and surface relief gratings contribute to 
the signal. For the x-ray signal, the scattering amplitude is given by: 
A J (h) iq,d Bm x-ray ~ m q z - e 2 (1.4) 
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Figure 1.17: Diffraction intensity of a 700 nm thick film as a function of the 
inscribed grating height, h, and induced refractive-index grating (Ôn), based on 
equation (3). The diffraction intensity is not a linear function of either variable. 
Oscillations in the signal can complicate analysis of experiments. 
where one must now use the qz appropriate for x-rays, and Bm represents the Fourier 
component of the density modulation (which is presumably identical to the index-
modulation). The intensity is not simply the square of A, but can be determined using 
Fresnel transmission functions. The visible scattering is mostly sensitive to the surface-
relief, and the x-ray scattering is due primarily to the density modulation. Using both 
measurements, the two contributions can of course be determined. 
It is worth noting that chromophores may actually be disturbed by probe beams 
that are well outside of the azo absorption window. For instance, it was found that 
illumination using red light (outside of the azo absorption band) made density gratings 
(formed undemeath surface relief gratings) stable against thermal erasure.376 Others have 
found that chromophores become slowly aligned even with red laser light, where 
absorption should be nominal. Luckily the diffraction from azo gratings is intense, 
enabling the use ofheavily attenuated probe beams. 
1.4.1.6 Dynamics 
Many dynamic measurements of SRG inscription have been made. To a first 
approximation, the inscription process does not depend on the temporal distribution of 
laser power, only on the net exposure. Yet this general rule breaks down at high and low 
power, and for short or interrupted exposures, revealing more complications inherent to 
the process. The inscription appears to be nonlinear, saturating with inscription time and 
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power, and being dependent upon history.422 Interestingly, the growth of the gratings 
appears to continue for a short time after illumination has ceased, hinting at a photo-
induced stress that persists in the dark. This may be due to the relatively slow decay of 
the Gis population. For short «2 s) moderate-power laser pulses, no permanent grating 
can be formed, even after repeated pulse exposure.423 For longer (>5 s) pulses, material 
deformation can be seen after every exposure, and repeated exposure eventually leads to 
an SRG. These short pulses give rise to localized hills that eventually become a smooth 
sine wave. This implies that with sufficient power, individual azo chromophores or nano-
domains deform, which when summed lead to a grating. Although short exposures do not 
form permanent gratings, sorne response is seen, possibly indicating elastic 
deformation403,420 in addition to plastic flow. 
The formation and erasure of surface relief and density gratings in azo films has 
been measured and modeled. U sing the formalism described in the previous section, one 
can fit the measured scattering by allowing h and I1n (or Bm) to vary in time. For instance, 
the erasure of the SRG, and concomitant enhancement and then disappearance of the x-
ray signal, can be fit using:377 
h = h
max 
( J T - CSRGTg 1 + exp -----"-
Ea,SRG 
1 
1 
B m = B m,max ------:(-----:-J 
1 + exp _T_-_C_DG_T-=-g 
EaDG 
(1.5) 
where Ea,i and Ci are the activation energy and a fitting parameter, respectively, for the 
surface relief (SRG) and density (DG) gratings. It is found that the surface relief grating 
begins disappearing ~ 15 K before Tg. In contrast to this thermal erasure of SRGs, it 
appears that in sorne liquid crystalline systems, thermal treatment after SRG formation 
leads to an enhancement of the grating height.424,425 In these cases, heating may enable 
motion and aggregation of chromophores. 
1.4.2 Mechanism 
Several mechanisms have been described to account for the microscopie origin of 
the driving force in azobenzene optical patterning. Arguments have appealed to thermal 
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gradients, diffusion considerations, isomerization-induced pressure gradients, and 
interactions between azo dipoles and the electric field of the incident light. Considering 
the large body of experimental observations, it is perhaps surprising that the issue of 
mechanism has not yet been settled. At present, no mechanism appears to provide an 
entirely complete and satisfactory explanation consistent with all known observations. On 
the other hand, viscoelastic modeling of the process has been quite successful, correctly 
reproducing nearly all experimentally observed surface patterns, without directly 
describing the microscopic nature of the driving force. Fluid mechanics models provided 
suitable agreement with observations,426 and were later extended to take into account a 
depth dependence and a velocity distribution in the film,427,428 which reproduces the 
thickness dependence of SRG inscription. A further elaboration took into account 
induced anisotropy in the film, and associated anisotropic polymer film deformation 
(expansion or contraction in the electric field direction).429 The assumption of an 
anisotropic deformation is very much consistent with experimental observations.320 Such 
an analysis, remarkably, was able to reproduce most of the polarization dependence, 
predicted phase-inverted behavior at high power, and even demonstrated double-period 
(interdigitated) gratings. A nonlinear stress-relaxation analysis could account for the 
nonlinear response during intermittent (pulse-like) exposure.422 Finite-element linear 
viscoelastic modeling enabled the inclusion of finite compressibility.430 This allowed the 
nonlinear intermittent-exposure results, and, critically, the formation of density gratings, 
to be correctly predicted. This analysis also demonstrated, as expected, that surface 
tension acts as a restoring force that limits grating amplitude (which explains the eventual 
saturation). Finally, the kinetics of grating formation (and erasure) have been captured in 
a lattice Monte Carlo simulation that takes into account isomerization kinetics and 
angular redistribution of chromophores.431-433 Thus, the nonlinear viscoelastic flow and 
deformation (compression and expansion) of polymer material appear to be well 
understood. What remains to be fully elucidated is the origin of the force inside the 
material. More specifically, the connection between the azobenzene isomerization and the 
apparent force must be explained. 
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1.4.2.1 Thermal Considerations 
Models involving thermal effects were proposed when SRG formation was first 
observed. Although simple and appealing, a purely thermal mechanism would not 
account for the polarization-dependence that is observed experimentally. The grating 
formation proceeds at remarkably low laser power, thus thermal mechanisms appear 
untenable. A more detailed modeling analysis434 showed that the temperature gradient 
induced in a sample under typical SRG formation conditions was on the order of 10-4 K. 
This thermal gradient is much too small for any appreciable spatial variation of material 
properties. The net temperature rise in the sample was found to be on the order of 5 K, 
which again suggests that thermal effects (such as temperature-induced material 
softening) are negligible. On the other hand, high-intensity experiments have shown the 
formation of gratings that could not be subsequently thermally erased.354 It is likely that 
in these cases a destructive thermal mechanism plays a role. In nanosecond pulsed 
experiments, gratings can be formed.435-438 However, these gratings are due to irreversible 
ablation of the sample surface, a phenomenon well established in high-power laser 
physics. Moreover, the formation of gratings at these energies does not require 
azobenzene: any absorbing chromophore will dO.439 Computer modeling confirms 
temperature rises on the order of ~8000 K for nanosecond pulses,434 clearly an entirely 
different regime from the facile room-temperature patteming unique to azo 
chromophores. Although thermal effects should be considered for a complete 
understanding of SRG formation (especially the phase-inverted structures observed at 
higher power), they appear to be negligible for typical irradiation conditions at modest 
laser power. 
1.4.2.2 Asymmetric Diffusion 
An elegant anisotropic translation mechanism was developed by Lefin, Fiorini 
and Nunzi.440,441 In this model, material transport occurs essentially due to an 
(orientational) concentration gradient. It is suggested that the rapid cyc1ing of 
chromophores between trans and Gis states enables transient, random motion of 
molecules preferentially along their long axis, due to the inherent anisotropy of azo 
molecules. The probability of undergoing a random-walk step is proportional to the 
probability of isomerization, which of course depends upon the light intensity and the 
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angle between the chromophore dipole and the incident electric vector. This predicts a net 
flux of molecules out of the illuminated areas and into the dark regions, consistent with 
experiment. This process would be enhanced by pointing dipoles in the direction of the 
light gradient (towards the dark regions). This would appear to explain the polarization 
dependence to a certain extent. 11 contrast to experiment, however, this model implies the 
best results when using small molecules, not polymers. For polymer chains laden with 
many chromophores, random motion of these moeities would presumably lead to a 'tug-
of-war' that would defeat net transport of the chain. It is at present not c1ear that the 
driving force in this model is su1ficient to account for the substantial mass transport (well 
below Tg) observed in experiments. 
1.4.2.3 Mean-Fil9ld Theory 
Mechanisms based on electromagnetic forces are promising since they naturally 
inc1ude the intensity and polarization state of the incident light field. In the mean-field 
model developed by Pedersen et al.,442,443 each chromophore is subject to a potential 
resulting from all the other chomophore dipoles in the material. Irradiation orients 
chromophores, and this net oril~ntation leads to a potential that naturally aligns other 
chromophores. Furthermore, there is an attractive force between side-by-side 
chromophores that are aligned :;imilarly. This leads to a net force on chromophores in 
illuminated areas, causing them to order and aggregate. Obviously this model predicts an 
accumulation of chromophores in the illuminated areas. Thus surface relief peaks will be 
aligned with light intensity maxima. While this result does not agree with experiments in 
amorphous samples, it is consistent with many experiments on Le systems. The mean-
field model inherently inc1udes lntermolecular cooperativity and orientational order, and 
it appears natural that it would be manifest in mobile liquid crystalline systems. The 
polarization state of incident light is explicitly inc1uded in the model, as it serves to align 
dipoles and thus enhance the l'Lean-field force. Because of this, even pure polarization 
patterns lead to gratings in this model. This mechanism appeals to the unique properties 
of azobenzenes only to explain the photo-orientation of dipoles. If this mechanism is 
general, one would expect it to operate on non-isomerizing dipoles that had been aligned 
by other means, which has not yl~t been observed. 
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1.4.2.4 Permittivity Gradient Theory 
A mechanism involving :;patial variation of the permittivity, E, has been suggested 
by Baldus and Zilker.444 This model assumes that a spatial modulation of the refractive 
index, hence permittivity, is incluced in the film. This is certainly reasonable given the 
well-known photo-orientation and birefringence gratings in azo systems. A force is then 
exerted between the optical elec1ric field and the gradient in permittivity. Specifically, the 
force is proportional to the intensity of the electric field in the mass transport direction, 
and to the gradient of the permittivity: 
J=_~Ë2V& 
2 
(1.6) 
Mass is thus driven out of areas with a strong gradient in E, which in general moves 
material into the dark (consistmt with the phase relationship in amorphous systems). 
Here again the mechanism appears general: any system with spatial variation ofrefractive 
index should be photo-pattemal: le, yet this is not observed. This model would appear to 
require that adequate photo-orientation precede mass transport. Most experiments 
indicate, however, that both orientational and surface relief phenomena begin 
immediately and continue concurrently throughout inscription. This model was used to 
explain SRG formation in pllised experiments,437,439 where thermal effects were 
suggested as giving rise to the spatial variation ofpermittivity, but the resulting force was 
essentially identical. However, conventional laser ablation appears to be a simpler 
explanation for those results.434 
1.4.2.5 Gradient Electric Force 
A mechanism was proposed by Kumar et al. based on the observation that an 
electric field component in the direction ofmass flow was required.359,370,445,446 This force 
is essentially an optical gradient force. 447-449 Spatial variation of the light (electric field 
intensity and orientation) leads to a variation of the material susceptibility, X. at the 
sample surface. The electric field then polarizes the material. The induced polarization is 
related to the light intensity and local susceptibility: 
(1.7) 
48 
Forces then occur between the polarized material and the light field, analogous to the net 
force on an electric dipole in an electric field gradient. The time averaged force was 
derived to be:370 
J = «(p. V)Ë) (1.8) 
The grating inscription is related to the spatia11y-varying material susceptibility, the 
magnitude of the electric field, and the gradient of the electric field. This theory was 
extended to inc1ude near-field optical gradient forces, which have been used for 
patteming in sorne experiments.450 The gradient force model natura11y inc1udes the 
polarization dependence of the incident light, and reproduces essentia11y a11 of the 
polarization features of single-beam and SRG experiments. It has been pointed out,197 
however, that another analysis451 of forces exerted on polarizable media suggested a 
dependence on the gradient of the electric field, but not its polarization direction. The 
gradient force theory requires azobenzene photochemistry to modulate susceptibility via 
photo-orientation, and also implicitly assumes that 'photo-plasticization' is enabling mass 
transport. It would appear, however, that the force density predicted by this model is 
much too sma11 to account for mass transport in real systems. A straightforward analysis 
presented by Saphiannikova et al. 430 is described here. In the case of two circularly 
polarized beams (for instance), the force acting in the x-direction, according to the 
gradient electric force model, would be 
f = -kG 0 XE 0 2 sin 8(1 + cos 2 8) sin( la sin 8) (1.9) 
where 28 is the angle between the two beams and k = 27rt/\. Since E02 = 2Izo, where Zo is 
the vacuum impedance and 1 is tàe light intensity, the maximum expected force is 
4Jr fmax = ---;:&ozoXI (1.10) 
Given that &0 = 8.854x 1O-12 C2 /(Nm2 ), Ixi ~ 1 and Zo = 377 n, and using the typical 
values 1= 100 mW/cm2 and À== 488 nm, we obtain a force density of-100 N/m3. Not 
only is this two orders of magnitude sma11er than the force of gravity (which itself is 
presumably negligible), but it :Di11s short of the estimated 1011_10 14 N/m3 necessary for 
mass transport in polymer films to occur.430 
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1.4.2.6 Isomerization Pressure 
One of the first mechanisms to be presented was the suggestion by Barrett et al. of 
pressure gradients inside the polymer film.353,426 The assumption is that azobenzene 
isomerization generates pressun: due both to the greater free volume requirement of the 
cis, and due to the volume requirement of the isomerization process itself. Isomerization 
of the bulky chromophores leaè.s to pressure that is proportional to light intensity. The 
light intensity gradient thus generates a pressure gradient, which of course leads to 
material flow in a fluid mechanics treatment. Order-of-magnitude estimates were used to 
suggest that the mechanical fore e of isomerization would be greater than the yield point 
of the polymer, enabling flow. Plastic flow is predicted to drive material out of the light, 
consistent with observations in amorphous systems. At first it would seem that this 
mechanism cannot be reconciled with the polarization dependence, since the pressure is 
presumably proportional to light intensity, irrespective of its polarization state. However, 
one must more fully take orientational effects into account. Linearly polarized light 
addresses fewer chromophores than circularly polarized light, and would thus lead to 
lower pressure. Thus, pure poLarization patterns can still le ad to pressure gradients. 
Combined with the fact that the polarized light is orienting (and in a certain sense photo-
bleaching), this can explain sorne aspects of the polarization data. The agreement, 
however, is not perfect. For instance, the (s, s) and (p, p) combinations lead to very 
different gratings in experiments. It is possible that sorne missing detail related to 
polarization will help explain this discrepancy. 
Combining a variety of Iesults from the literature, it now appears the mechanical 
argument of a pressure mechanism may be correct. In one experiment, irradiation of a 
transferred Langmuir-Blodgett film reversibly generated -5 nm 'hills,' attributed to 
nanoscale buckling that relieves the stress induced by lateral expansion.452 This result is 
conspicuously similar to the spontaneous polarization-dependant formation of 
hexagonally-arranged -500 mn hills seen on an amorphous azo-polymer sample 
irradiated homogeneously.453,454 In fact, homogeneous illumination of azo surfaces has 
caused roughening412 and homogeneous optical erasure of SRGs leads to similar pattern 
formation.372 The early stages of SRG formation, imaged by AFM, again show the 
formation of nano-sized hills.423 Taken together, these seem to suggest that irradiation of 
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an azo film leads to spontaneous lateral expansion, which induces a stress that can be 
relieved by buckling of the surface, thereby generating surface structures. In the case of a 
light gradient, the buckling is rdieved by mass transport coincident with the light field 
that generated the pressure inside the film. In an experiment on main-chain versus side-
chain azo-polymers, the polarization behavior ofphoto-deformation was opposite.381 This 
may be explained by postulating that the main-chain polymer contracts upon 
isomerization, whereas the side-chain polymer architecture leads to net expansion. 
Similarly, the opposite phase behavior in amorphous and Le systems may be due to the 
fact that the former photo-expand and the latter photo-contract.320 Lastly, many large 
surface structures were observed in an azo-dye-doped elastomer film irradiated at high 
power (4 W/cm2).455 The formation of structures both parallel and perpendicular to the 
grating direction could be attributed to photo-aggregation of the azo dye molecules and/or 
buckling of the elastomeric surhce. Thus a purely photomechanical explanation may be 
able to describe surface mass transport in azo systems. Further investigations into 
reconciling this model with the polarization dependence of inscription are in order. 
Presumably photo-orientation wi 11 play a key role. 
1.4.3 Applications of Surface Mass Transport 
The rapid, facile, reversible, and single-step all-optical surface patteming effect 
discovered in a wide variety of azobenzene systems has, of course, been suggested as the 
basis for numerous applications. Azobenzene is versatile, amenable to incorporation in a 
wide variety of materials. The mass patteming is reversible, which is often advantageous. 
On the other hand, one may use a system where crosslinking enables permanent fixation 
of the surface pattems.456 Many proposed applications are optical, and fit well with 
azobenzene's already extensive list of optical capabilities. The gratings have been 
demonstrated as optical polarizers,457 angular or wavelength filters,458,459 and couplers for 
optical devices.460 They have ah,o been suggested as photonic band gap materials,461 and 
have been used to create lasers where emission wavelength is tunable via grating 
pitch.462,463 The process has, of course, been suggested as an optical data storage 
mechanism.464 The high-speed and single-step holographic recording has been suggested 
to enable 'instant holography,'436 with obvious applications for industry or end 
consumers. Since the hologram is topographical, it can easily be used as a master to 
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create replicas via molding. The surface patteming also allows multiple holograms to be 
superimposed, if desired. A novel suggestion is to use the patteming for rapid prototyping 
of optical elements.465 Optical elements could be generated or modified quickly and 
during device operation. They could thereafter be replaced with permanent components, 
if required. 
The physical structure of the surface relief can be exploited to organize other 
systems. For instance, it can act as a command layer, aligning liquid crystals.466-470 The 
grating ean be formed after the LC cell has been assembled, and can be erased and 
rewritten. Colloids can also be arranged into the grooves of an SRG, thereby templating 
higher-order structures.471 ,472 These lines of colloids can then be sintered to form wires.473 
The surface topography inscription process is clearly amenable to a variety of optical-
lithography patteming schemes. These possibilities will hopefully be more thoroughly 
investigated. One advantage of holographie patteming is that there is guaranteed registry 
between features over macroscopic distances. This is especially attractive as technologies 
move towards wiring nanometer-sized components. One example in this direction 
involved evaporating metal omo an SRG, and then annealing. This formed a large 
number of very long (several mm) but extremely thin (200 nm) parallel metal wires.474 Of 
interest for next-generation pa,tteming techniques is the fact that the azo surface 
modification is amenable to near-field patteming, which enables high-resolution 
nanopatteming by circumventin.5 the usual diffraction limit of far-field optical systems. 
Proof of principle was demonstrated by irradiating through polystyrene spheres 
assembled on the surface of an azo film. This results in a polarization-dependent surface 
topography pattem,379 and a corresponding surface density pattem.380 Using this 
technique, resolution on the order of 20 nm was achieved.475 This process appears to be 
enhanced by the presence of gold nano-islands.476 It was also shown that volume is not 
strictly conserved in these surface deformations.381 In addition to being useful as a sub-
diffraction limit patteming technique, it should be noted that this is also a use fuI 
technique for imaging the near-field of various optical interactions.477 The (as of yet not 
fully explained) fact that sub-diffraction limit double-frequency surface relief gratings 
can be inscribed via far-field lllumination364-367 further suggests the azo-polymers as 
versatile high-resolution patteming materials. 
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1.5. Thesis Objectives 
Azobenzene polymers are versatile and functional materials that exhibit photo-
responsive behavior not seen in any other system. They are fundamentally interesting as 
optical materials. In particular, the surface mass patterning observed in the azo-polymer 
system is of interest both from a fundamental polymer dynamics standpoint, and from an 
applied nano-fabrication standpoint. The fundamental nature of this surface-patterning 
phenomenon is the focus of this thesis. The work described here involved both 
eliminating candidate explanations through the use of careful modeling and experiments, 
as well as fundamentally studying the light-response of these materials, in order to 
uncover the origin of the driving force. In addition to describing the nature of patterning 
in azo-polymers, this work also provides crucial insight into the large-scale motions that 
arise from azobenzene isomerization. 
Chapter 3 uses computer modeling and associated analytic expressions to quantify 
the extent of photo-heating, and the internaI temperature gradient, which occur during 
optical patterning. The purpost:: of such this study was not only to eliminate purely 
thermal mechanisms from consideration, but also to place limits on the extent to which 
thermal effects may play a role in the patterning. For instance, it was necessary to 
ascertain to what extent heat may be contributing to 'photo-softening.' Chapter 4 then 
analyzes the effect of confinement on the patterning phenomenon. Again this enables a 
class of mechanisms to be elimi nated, as different mechanisms will imply different size-
scales to the phenomenon. In particular, mechanisms involving molecular diffusion can 
be differentiated from those thal: involve coordinated motion of material and large-scale 
stress patterns. Having resolved these issues, chapter 5 then focuses on measuring the 
extent to which azobenzene materials deform under homogeneous light irradiation. By 
quantifying the extent of this material motion, it is possible to suggest it as a viable 
explanation for mass patterning. This chapter thus analyzes in detail how the molecular-
scale azobenzene isomerization leads to large-scale dimensional changes in these 
materials. The effect is also quantified as a function of temperature. Chapter 6 discusses 
AFM modulus measurements that can be used to set a bound on the extent of photo-
softening occurring in these materials. This enables mechanisms that rely on orders of 
magnitude photo-softening to be eliminated. This chapter also presents results of photo-
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patteming as a function of temperature. By combining the results of the prevlOUS 
chapters, it is then possible to make a strong argument that the fundamental origin of 
surface patteming in these systems is the identified photomechanical deformation. 
Literature results are analyzed il this context. The final chapter makes suggestions for 
future research, based upon this newly established correspondence. 
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Chapter 2 
Temperature-Controlled Neutron Reflectometry Sample Cell 
Suitable for Study of Photoactive Thin Films 
The experimental details relevant for the interpretation and reproduction of the 
results described in the subsequent chapters can be found in the experimental sections of 
those chapters. This is true in all cases except for the results of chapter 5, which is a 
neutron reflectometry study of Gzo-polymer thin films. For that work, a custom sample 
cell needed to be built, testecl, and validated. This experimental chapter therefore 
discusses this sample cell, incluc.ing construction and performance details. This work has 
been published and is reprinted Vlith permission from: 
Yager, K.G.; Tanchak, O.M.; Barrett, C.l; Watson, M.l.; Fritzsche, H. Review of 
Scientific Instruments 2006, 77,045106. Copyright 2006 American Institute ofPhysics. 
2.1. Abstract 
We describe a novel ceE design intended for the study of photo active materials 
using neutron reflectometry. Tbe cell can maintain sample temperature and control of 
ambient atmospheric environment. Critically, the cell is built with an optical port, 
enabling light irradiation or light probing of the sample, simultaneous with neutron 
reflectivity measurements. The ability to measure neutron reflectivity with simultaneous 
temperature ramping and/or ]ight illumination presents unique opportunities for 
measuring photoactive materiak To validate the cell design, we present preliminary 
results measuring the photo-expansion ofthin films of azobenzene-polymer. 
2.2. Introduction 
Neutron reflectometry Üi a powerful technique for studying thin films of any 
composition, including organic thin films, and biological samples. The technique is based 
upon the detection of grazing-angle specularly reflected neutrons. At very low angles, a 
neutron beam will be totally ref1,~cted by a sample-ambient interface. With increase in the 
specular reflection angle, oscillations in the reflection amplitude can be seen. These so-
called Kiessig fringes 1 are characteristic of the samp1e's structure, most notably the 
thickness and neutron refractive index. The neutron refractive index is related to the 
79 
scattering length density (SLD) of the material's constituent atoms. Consistent with 
conventional Fresnel theory, interfaces between differing refractive indices (or, in the 
case of neutrons, differing SLD) will lead to reflection. The reflectivity as a function of 
angle is generally expressed in terms of the momentum transfer, or scattering vector: 
471" . e q =-sm 
Z À (2.1) 
where À is the wavelength of thl~ incident neutron beam, and e is the specular scattering 
angle. The exact shape of the neutron reflectivity curve is a function of the film structure 
in the normal direction. From this, one can deduce film thickness, density, and roughness. 
With more elaborate model fittiug, one can also deduce multilayer structures or internaI 
material gradients. The technique is applicable to films in the thickness range of about 10 
to 2000 Â. Neutrons, unlike x-rays, are sensitive to light elements (such as H, C, N, 0), 
making them more suitable for studying polymers, biological samples, and other soft 
matter. Additionally, because the scattering length varies with isotope, one can enhance 
the neutron reflectivity signal by making isotopic substitutions, which often have no 
effect on chemistry or material properties. One can also perform difference experiments, 
where two samples that differ only in the isotopic nature of one of their constituent atoms 
are compared to determine the spatial distribution of that atom. More details on the 
technique of neutron reflectome1ry can be found elsewhere? 
Neutron reflectometry hé,S additional unique advantages when applied to studying 
photoactive materials. There is :;urrently considerable interest in thin films that respond 
to, control, or otherwise interact with light in the ultraviolet (UV), visible and infrared 
(IR) bands of the electromagnetic spectrum. Such materials find application in 
telecommunications (as routers, couplers, filters, etc.), in the microelectronics industry 
(as photoresists), as photo-ach.ators, photonic bandgap materials, and so on.3,4 Such 
materials often cannot be studied using optical techniques, because their interaction with 
light would confuse the measuement, or, in many cases, the photo-probe would be 
modifying the sample during measurement. For instance, materials used for photo-resists 
may undergo photo-polymerization or photo-degradation. Azobenzene materials, which 
will be described later in more detail, are known to isomerize under illumination, and to 
photo-align when irradiated with polarized light.5 Even using nominally non-absorbing 
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wavelengths, sorne measure of photo-alignment, hence birefringence, may be induced.6 
This time-varying birefringenee makes conventional optical techniques, such as 
ellipsometry, more difficult to apply to photoactive materials. Similarly, photonic 
bandgap materials have unique interactions with light that make conventional optical 
techniques (such as ellipsometry, optical reflectivity, surface plasmon resonance, etc.) 
difficult to interpret. In sorne cases, non-perturbing optical measurements are not 
possible, whereas in other ca;;es, complimentary measurements to confirm optical 
characterization would be vakable. It is thus of interest to investigate non-optical 
measurement techniques that can be used on photoactive materials. Ideally, the 
techniques would allow for light illumination during measurement, which would enable 
one to measure photo-changes in real time, and without otherwise perturbing the sample. 
X-ray reflectometry is capable of resolving the structure of a thin film in the normal 
direction with high accuracy, and could be coupled with simultaneous light illumination. 
However, since the scattering intensity of X-rays increases with total electron density, 
hence atomic number, it is a technique best suited to inorganic and metallic thin films. 
The scattering intensity of neutrons, by contrast, is determined by nuc1ear properties, and 
can be very high for lighter elements, inc1uding H, C, N, and O. Also, X-rays may lead to 
material damage for sorne samples, whereas the lower energy of thermal neutrons 
minimizes material damage. Thus, neutron reflectivity is, in sorne cases, better suited to 
the study of organic and biologieal samples, compared to X-ray reflectivity. In particular, 
a great number of photo-functional materials (inc1uding resists and photonic bandgap 
structures) are based on organic polymers. In other cases, the differing scattering 
properties of a material to X-rays and neutrons can be used for comparative experiments, 
where ambiguities can be resolved. Overall, neutron reflectivity offers the possibility to 
study photo active samples in a nondestructive and unambiguous way, determining any 
changes in thickness and density due to irradiation. 
Given that neutron refle:ctometry is nearly universally applicable to thin films, 
experiment design becomes limited only by the availability of appropriate sample 
environments during scanning. It is thus of interest to explore nove1 sample cells that can 
enable measurement of neutron reflectivity at the same time that sample illumination is 
performed. Simultaneous control of the sample's ambient environment (temperature, 
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humidity, etc.) is also usefu1.7 Here we report on a new sample chamber that was 
designed to enable neutron reflectivity experiments to be carried out on photo active 
materials, without the need to remove the sample from the neutron beam in order to 
irradiate it. The sample cell ac.ditionally enables control of temperature and ambient 
atmosphere. This sample setup ü; validated with preliminary experiments measuring non-
thermal photo-expansion effects when azobenzene-polymer thin films are irradiated with 
laser light. Although this sample cell has been conceived of for reflectometry of thin 
films, it could easily be adapted to other neutron scattering techniques (SANS, 
diffraction, etc.), where the sample can be irradiated with visible laser light without 
removing it from the neutron beém. 
2.3. Construction and Performance Details 
The internaI design of tte cell is shown in Figure 2.1 (the cell enclosure can be 
se en in Figure 2.4). The sample is attached to a large copper plate, centered inside an 
aluminum enclosure. The aluminum sidewalls allow the neutron beam to pass through 
with very little attenuation. The front port is equipped with a window, allowing for 
illumination of the sample at nOlmal or ne ar-normal incidence. The window can be made 
of polymethyl methacrylate (PM MA, also known as Plexiglas or Lucite), glass, quartz, or 
F 
Figure 2.1: Exploded view of the sample disk and environmental control features. 
The silicon substrate (A) is attached to the copper block (B) with restraints 
positioned above and below. The block is maintained at the correct temperature 
by a heating element (C) bonded to the back of the plate. The sample and block 
are thermally isolated by insulating ceramic posts (D), and can be quenched to 
lower temperature by flowing gas out of the quench tube (E). The base of the cell 
can be equipped with a varü:ty of attachments, allowing for supply of quench gas 
(inlet F and effluent G), evacuation of the cell (vacuum flange H). 
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other materials as determined by optical requirements. The cell lid and front window rest 
on rubber O-rings, which form Cl tight seal when the cell is evacuated. These two pieces 
can also be screwed securely, enabling the cell to be used with a positive pressure with 
respect to ambient. The base of the cell is equipped with ports for controlling the ceIlls 
atmosphere. 
The sample is a silicon wafer, 24 mm in diameter and 6 mm thick, coated with the 
thin film under investigation. The wafer is secured against a large copper plate using 
fasteners above and below the ~:ample (A in Figure 2.1). Thermo-conductive paste was 
used to provide a good thermal conduction between the sample and copper plate. In 
principle, larger sample sizes cDuld be accommodated in this ce Il , although the small 
sample size is advantageous in optical studies (as described later). The back ofthe copper 
block has a 125 W resistive heating element clamped to it (C in Figure 2.1). A 
temperature sens or reads the tl~mperature of the copper block, and a feedback loop 
ensures that the sample is held at the proper temperature. Measurements were made of the 
temperature differential between the heating block and the sample by bonding a 
thermocouple directly on the surface of a Si wafer. It was found that the deviation of the 
sample temperature from the block temperature increases with increasing temperature, 
e.g. 2 K deviation at 383 K and 4 K deviation at 453 K. The sample/heating setup is held 
in place with two Macor® irsulating glass-ceramic posts (D in Figure 2.1). This 
thermally isolates the sample and sample heater from the rest of the cell. The cell 
environrnent can be modified using the ports built into the base of the enclosure (F, G, 
and H in Figure 2.1). Ports allow for evacuation of the cell using a vacuum pump, 
purging with ambient atmosphere, or the introduction of an arbitrary atmosphere from 
other equipment (such as gas cylinders). In particular, the quench port exits directly onto 
the sample, making it ideal for quickly cooling samples down to room temperature using 
a cool stream of an inert gas. 
The cell was specifically designed to enable temperature ramping of the sample. 
This allows for neutron measun;:ments at a variety of sample temperatures, which can be 
useful in, for instance, the identification of phase transitions in materials, or the 
determining of activation energies. For organic thin films, the temperature control also 
allows the sample to be annealed (or undergo other thermal treatment) without being 
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removed from the cell and subsequently realigned. This persistence of sample positioning 
before and after thermal treatment removes sorne ambiguity in comparing neutron 
reflectivity curves. It also enablt:s a sequence of experiments to be initiated remotely, or 
even be completely automated. As can be seen in Figure 2.2, the cell can be ramped up 
above room temperature smoothly, in a short amount of time, and without significant 
overshoot of the target temperalure. The temperature rise is weIl described by a simple 
sigmoid with time constant of 3.7 minutes. Thus the cell can be considered to have 
reached a stable temperature within 30 minutes of a set-point adjustment. Given that 
typical neutron reflectivity scam take 8 to 12 hours, this temperature stabilization time is 
not a major concem. However, additional time may need to be given for any sample 
response to complete. At a given set-point, temperature stability is excellent. Deviations 
from the set-point were, at most, 0.02 K (less than 0.01 %). This temperature stability is 
due to the feedback temperature monitoring, but also due to the thermal isolation of the 
heated sample stage. By evacuating the sample chamber, this thermal isolation can be 
further enhanced. The cell is abh:: to heat samples to over 200 K above room temperature. 
For organic thin films, this is typically sufficient to undergo any phase transition of 
interest. In fact, it is sufficient to degrade most organic materials. The cell can be filled 
with an inert gas, or entirely evacuated, which helps prevent sample oxidation during 
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Figure 2.2: Typical temperature ramping behavior of the sealed sample cell. The 
feedback-Ioop resistive heater can stabilize at a set-point temperature within 30 
minutes. The solid lines are sigmoidal fits to the data. 
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thennal treatment. 
Figure 2.3 shows the decrease of the sample environment back to room 
temperature, where the resistive heater is no longer active. We measured the temperature 
decay both with an evacuated sample cell, and with a constant helium purge at 1 bar. This 
purge exits directly onto the sample/heater block, and serves to efficiently draw off heat 
from the wann block. In the case of a vacuum environment, the sample temperature 
decreases slowly, with a time constant on the order of 1.9 hours. This demonstrates the 
excellent thennal isolation of the sample from the laboratory environment. Even without 
active temperature control, the s.lmple is maintained at high temperature for a significant 
period oftime. With a steady helium stream, heat is drawn offmuch more efficiently, and 
in this case the time constant is ,~ 15 minutes. By changing the pressure of the purge gas, 
the cooling rate can be varied across a wide range. 
The transmission characteristics of the 6 mm thick PMMA window were 
measured. The material is transparent across the visible (~8% absorption and reflection 
losses) and induces no polarization change in the incident beam. For more precise optical 
experiments, the internaI volume of the sample cell is sufficient to accommodate the 
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Figure 2.3: Temperature perfonnance of the cell without active heating. Vnder 
vacuum (e), the cell holds tt:mperature weIl, decaying with a time constant of 1.9 
hours. With a constant helium purge (.), the cell's temperature can be quenched 
to room temperature within one hour (time constant 15 minutes). The solid lines 
represent an exponential decly fit (for the helium purge data), and a biexponential 
decay (for the evacuated ceIl). 
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placement of optical components inside the housing, after any perturbing effect of the 
window material. In fact, a serie:; of optical elements could be constructed as a single unit 
that replaces the window. This versatile design allows any number of optical experiments 
to be performed. 
2.4. Results 
The described sample œll was used to study a photo active polymer thin film. 
Specifically, thin spin-cast films of an azobenzene polymer, poly(disperse red lA) 
(pdrla) were studied via neutron reflectivity, in order to characterize the photo-
deformation behavior ofthis sys·:em. The azobenzene chromophore in pdrla interconverts 
Neutron Bearn 
Figure 2.4: Schematic of neutron reflectometry experiment with simultaneous 
laser irradiation. Two air-cooled Ar+ lasers (on the right) are used as illumination 
sources. One laser output is adjusted with a converging lens (L 1) in order to 
account for slight differences in laser divergence. A beam from a second laser is 
reflected off of a mirror (M), making it nearly collinear with the tirst beam, and 
passing through a concerted optical train (the angular difference in the two beams 
has been exaggerated in the diagram, for c1arity). The combined beam is 
converted from linearly polarized to circularly polarized using a wave plate (N4). 
A diverging (L2) and converging (L3) lens are then used to exp and and collimate 
the beam, so that it over-illuminates the sample with a uniform light intensity. The 
beam can be tumed on ane. off via computer control of a shutter (S). On the far 
le ft, the sample can be seen attached to the copper heating plate, all enc10sed in a 
sealed cell with a transpaflmt window for laser illumination. The neutron beam 
passes through the sample housing, reflects off of the sample, and travels into a 
detector. 
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between trans and cis geometriG isomers when irradiated with light near its absorption 
maximum of 467 nm.8 This efficient and reversible photochemical isomerization reaction 
leads to modulation of other material properties. For instance, polarized irradiation can be 
used to photo-orient the azo ehromophores.9 The free surface of an azo film also 
undergoes spontaneous mass transport when irradiated with a light intensity or 
polarization gradient. lO Macroscopically, thin films have been deformed using polarized 
irradiation. 11 ,12 Most recently, the photo-expansion of thin films of azo polymer have 
been probed via optical techniques. 13 This photo-expansion behavior was studied with 
neutron reflectometry using the present sample cell. In this setup (Figure 2.4), the azo 
sample (spin cast onto a silicon wafer) is placed inside the evacuated sample cell, with 
the free surface facing the window port. This allows optical irradiation of the azo sample 
at any time, even simultaneous with neutron reflectivity measurements. Furthermore, the 
cell design allows irradiation unjer inert atmospheric conditions, and at any temperature. 
Outside the sample cell, a laser and optical setup are used to irradiate the thin film. Two 
-150 mW Argon-ion lasers, emitting at 488 nm, were used as light sources. The 
combination oftwo lasers was used to increase irradiation power. Additionally, since the 
two lasers have no coherence relationship to one another, the dual illumination serves to 
average out any confounding coherence or interference effects, which are known to lead 
to mass transport phenomena in azo-polymer systems. A mirror is used to direct the two 
beams nearly collinearly towarcls a 488 nm N4 plate, which has been adjusted so as to 
convert the linearly polarized laser beams into a circularly polarized irradiation beam. 
This circular polarization ensures that no in-plane anisotropy is induced in the azo 
material (ratio of intensity alon,g the major and minor axes of 1: 1.02 was achieved). A 
shutter allows for computer-controlled activation of the laser as required by experiment 
design. Finally, a lens system is used to expand the beam to a sufficient size that it 
illuminates the entire sample surface uniformly. The PMMA window attenuates the 488 
nm probe beam by approximately 8%. The collimated beam was measured to fully 
irradiate the 24 mm diameter sarnple surface with a uniform intensity of35 mW/cm2• 
The small sample size is important for studies using optical illumination. A 
preliminary experiment using a 100 mm silicon wafer gave confounding results. In that 
experiment, the neutron beam was collimated so as to define a rectangle 77 mm wide by 
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39 mm tall, on the sample surface. However, over this large area the expanded laser beam 
was not sufficiently uniform. Thus, sorne areas of the probed sample saw higher laser 
intensity than others. The end result was a reflectivity curve that contained contributions 
from different extents of exp ans lon/contraction. In such a case it is difficult to determine 
what photo-physical effects are occurring, since the neutron beam probes an incoherent 
sum of different film regions. By using a smaller sample, and over-illuminating it with 
the neutron beam, one achieves a better film uniformity over the probed region. 
Moreover, the smaller sample l;ize makes it possible to irradiate uniformly with laser 
light. This makes data interpretaüon obviously more robust. 
The azo material was irradiated with laser light for progressively longer periods of 
time. Typical neutron reflectiv ity curves, shown in Figures 2.5 and 2.6, show the 
characteristic fringes due to the thickness and density of the sample. Such curves can be 
iteratively fit using a variety of models, and using the algorithm developed by Parratt. 14 
10-6 i 1 i i i i 1 i 
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Figure 2.5: Comparison of fits used to analyze the neutron reflectivity curves. 
The data is the same in both cases Ca thin azo film before illumination), but have 
been offset vertically for clarity. The upper fit is a simple one-box model, which 
correctly describes the film thickness and density. The lower fit is a more 
elaborate model that includes a Gaussian distribution of film thickness values. 
This type of modeling correctly fits both the absolute intensity of the curve, as 
well as the depth of the mini:na. 
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In this case, the Parratt32 (HMI) software was used, in addition to modified versions of 
neutron reflectivity calculation source code provided by Thad Harroun (Brock University, 
Department of Physics). A one-box model produces fringe spacing and positions 
consistent with the experimental data. However, the amplitude of the fringes (specifically 
the depth of the minima) is not well described by a one-box model. A more elaborate 
model, which allows for a small distribution of thickness across the sample surface 
probed by the neutron beam, correctly reproduces the data (see comparison in Figure 
2.5). For the samples presented in this paper, a Gaussian thickness distribution of 4.5% 
(~25A) was found to be consi,tent with the data. It should be emphasized that this 
distribution of thickness is not equivalent to a small-scale sample roughness (which 
would be modeled with a one-box interfacial distribution, and would lead to substantial 
decrease in the absolute reflectivity for all qz values.); it is in fact that different parts of 
the sample have slightly different thickness, on a size-scale larger than the neutron 
coherence length (this is model~d with a incoherent sum of reflectivity profiles, which 
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Figure 2.6: Neutron reflectivity curves for an azo film after various amounts of 
laser illumination. From top to bottom, the curves (offset vertically for clarity) 
correspond to: before irradi<:.tion, after 0.4 hours total irradiation, after 2.5 hours 
irradiation, and after 7.9 hours irradiation. The solid lines are the corresponding 
distribution-of-thickness fits. The shift of the fringes indicates that the film photo-
expands with increased laser exposure. 
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causes the minima to be attenuated, without decreasing the absolute reflectivity of the 
curve). Whether a one-box or a Gaussian distribution of thickness values is used, 
identical conclusions are obtained. 
After irradiation, there is a distinct shift of the fringes (Figure 2.6), which 
indicates that the film has undergone irreversible photo-expansion. With additional 
irradiation, the film undergoes further expansion (relative to the initial film thickness), as 
shown in Figure 2.7. The observ'ed effect is indeed material expansion, as the sample's 
scattering length density decreased with corresponding expansion (that is, the area under 
the film profile curve is constant, to within ~2%). The sample cell used, however, allows 
us to additionally probe the sample during illumination. A typical neutron reflectivity 
curve requires 8 to 12 hours of data collection, which is far too long to capture the 
dynamics of the azobenzene photo-expansion. However, one can measure a small portion 
of the reflectivity curve in orde:~ to characterize the behavior over time. We probed the 
change in neutron reflectivity at specifie qz values, during irradiation with laser light 
(Figure 2.8). In Figure 2.8 (a), Ole can see the change in reflectivity at qz = 0.02 A-l, and 
in (b), the reflectivity at qz = 0,05 A -1. The reflectivity at qz = 0.05 A -1 changes in an 
oscillatory and complex way as laser irradiation proceeds. This is due to the fact that the 
Kiessig fringes, which are shif1:ing as the film photo-expands, pass in and out of the 
observation window. By comparison, the monotonie behavior at qz = 0.02 A-1 closely 
relates to the observed change in thickness. This is because near the critical reflectivity 
edge, a single fringe is being shifted towards lower qz. Furthermore, scanning at small qz 
is considerably faster than scanning at high qz, because the much higher absolute 
reflectivity requires shorter integration times to achieve reasonable statistics. Clearly 
sorne regions of the reflectivity curve are more valuable than others for interpreting the 
kinetics and dynamics of systems. With appropriate choice of qz, one is able to follow, in 
real-time, any material changes. This serves two purposes: one, it is possible to determine 
when a system has reached a stable state, and can then be subjected to a full reflectivity 
scan (i.e.: the sample will not be changing during the measurement); and two, it is 
possible to determine the kinetic behavior of material transformations. 
Consistent with previous optical investigation of these materials,13 there is a 
substantial irreversible photo-€::xpansion, and a secondary elastic expansion of the 
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material that occurs only when the illuminating light is on. This explains the slight 
difference between the reflectivity intensity when the laser is on versus off. Such changes 
c 
o 
"iii 
20% 
16% 
lij 12% 
Co 
x 
Q) 
~ 8% 
~ 
~ 
4% 
0% i i il i i i i 1 i i i i 1 i i i i 1 i i i il 
o 2 4 6 8 10 
irradiation time (hours) 
Figure 2.7: Relative expansion ofan azo-polymer film as a function of total laser 
irradiation time, measured using neutron reflectometry. The data was fit with a 
biexponential rise-to-max. 
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Figure 2.8: Neutron reflectivity signal at qz = 0.02 A-1 (a), and qz = 0.05 A-1 (b). 
The black symbols refer to measurements during laser illumination, whereas the 
gray symbols refer to measurements in between successive laser irradiation steps. 
The monotonie data for smal1er qz provides a more meaningful measure of photo-
physical change than does the data at larger qz. 
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would not be possible to measure if the sample needed to be removed from the neutron 
beam for light irradiation. In addition to monitoring material changes during light 
illumination, the present cell enables measurements during temperature ramping, or while 
maintaining the sample at a givt:n temperature. Figure 2.9 shows an example of a photo-
expanded sample that was subsequently treated thermalIy, which led to contraction of the 
material. AlI of these scans were taken without removing the sample from the celI, which 
makes alignment much faster, and removes any ambiguity that would arise from 
inconsistent sample placement. The control of the sample atmosphere enabled it to be 
annealed through its glass transition temperature without any danger of oxidation or other 
material damage. By controlling environmental parameters, this cell thus offers the 
possibility ofmuch higher experimental reproducibility. 
1 o-{l f---,,--,·-,--,,--+I -,-, -"----r"' -,-, -tl----r"' --r-.....-.,.-.......... --,-
o 0.02 0.04 0.06 
qz (A-1) 
Figure 2.9: Neutron reflectivity curves measured at different temperatures (offset 
vertically for c1arity). The upper curve is a thin film, at room temperature, that has 
been laser irradiated. The lower curve is the same film, heated to, and maintained 
at, 353 K. The distribution-of-thickness fits to the data (solid lines) show that the 
photo-expanded film thermal1y contracts. 
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2.5. Conclusion 
We have designed, built and tested a unique neutron reflectometry sample cell, 
which is able to maintain a sample at a desired temperature under controlled atmospheric 
conditions, and further allows for simultaneous irradiation or probing with light. The 
ability to measure neutron reflec-:ivity during illumination and/or temperature adjustments 
generates new possibilities for experimental studies. This cell is also versatile, 
accornrnodating a range of pos~;ible optical components, and could even be used with 
other neutron scattering techniques. 
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Chapter 3 
Temperature Modelin~1 of Laser-Irradiated Azo-Polymer Thin 
Films 
As a first step to understanding the mechanism of surface patteming in azo 
materials, it was necessary to quantify to what extent photo-heating plays a role. This 
chapter discusses modeling used to address this issue. In addition to constraining the 
possible mechanisms used to explain patteming, these results also enabled improved 
interpretation of later experiments. Specifically, by establishing the role of photo-heating 
in different irradiation regimes, these effects can be discounted in the explanation of other 
photo-physical phenomena identified in the azo system. This material has been published, 
and is reprinted with permission from: 
Yager, K.G.; Barrett, C.l Journal ofChemical Physics 2004,120, 1089. Copyright 2004, 
American Institute ofPhysics. 
3.1. Abstract 
Azobenzene polymer thin films exhibit reversible surface mass transport when 
irradiated with a light intensity and/or polarization gradient, although the exact 
mechanism remains unknown. In order to address the role of thermal effects in the 
surface relief grating formation process peculiar to azo polymers, a cellular automaton 
simulation was developed to model heat flow in thin films undergoing laser irradiation. 
Typical irradiation intensities of 50 mW/cm2 resulted in film temperature rises on the 
order of 5 K, confirmed experimentally. The temperature gradient between the light 
maxima and minima was found, however, to stabilize at only 10-4 K within 2 J.lS. These 
results indicate that thermal effe:cts play a negligible role during inscription, for films of 
any thickness. Experiments monitoring surface relief grating formation on substrates of 
different thermal conductivity confirm that inscription is insensitive to film temperature. 
Further simulations suggest that high-intensity pulsed irradiation leads to destructive 
temperatures and sample ablatio:l, not to reversible optical mass transport. 
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3.2. Introduction 
Thin films ofpolymers containing azobenzene chromophores (azo polymers) have 
been investigated for over 25 years as nonlinear optical materials, for liquid crystal 
alignment, and as photoswitchable materials. 1 In 1995, it was observed that the free 
surface of azobenzene-polymer films could be induced to exhibit surface mass transport 
if exposed to a light intensity and/or polarization gradient.2,3 The size scale for this 
process, which essentially encodes the incoming light modulation pattern into a surface 
relief pattern, is determined by the geometry and the wavelength of light. A typical 
inscription setup, shown in FigUl'e 3.1(a), involves interfering two coherent laser beams at 
the sample surface. The sinusoidal variation of light results in a sinusoidal surface relief 
grating (SRG) on the sample ftee surface, as confirmed by atomic force microscopy 
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Figure 3.1: (a) Typical experimental setup for inscription of surface relief 
gratings. A 488 nm laser beam is reflected upon itselfto generate an interference 
pattern at the film surface. The resulting diffraction is monitored with a low power 
HeNe beam (633 nm). (b) AFM image ofthe resulting surface relief grating. The 
spacing is determined by the angle e and the wavelength of light. The grating 
amplitude depends on manyparameters, inc1uding light intensity and polarization. 
96 
vi". 
oAo 
1 
-!rH,CH3) 
y hv 
N.:,N - .... 
9 hv·.ksT 7"1 :::,... 
NO, 
Figure 3.2: Azobenzene chromophores isomerize from the trans to the cis state 
under irradiation at an absorbing wavelength. The mole cule will then thermally 
relax back to the more stable trans state, or this reconversion can be induced 
photochemically. Depicted (',bove is poly(disperse red 1 acrylate). 
(Figure 3.1(b)). The peak-to-pl:::ak spacing is typically on the order of hundreds of 
nanometers, and peak-to-valley amplitudes of hundreds of nanometers are readily 
obtained with mode st irradiation intensities «50 mW/cm2). This unusual material 
transport occurs in minutes, and at room temperature, which is well below the bulk glass-
to-rubber transition temperature (Tg) for these polymers. The optical inscription is fully 
reversible, as a flat film of the original thickness is recovered upon heating above Tg. 
Reviews of the many interestin~; results are available.4,5 The process critically requires a 
polymer containing azobenzene moieties. Azobenzene and its derivatives undergo 
photoinduced isomerization between trans and cis geometries when exposed to light at an 
absorbing wavelength (Figure 3.2). Cyc1ing of chromophores between these isomers 
appears to be required for the mass transport phenomenon, although the exact role of 
isomerization is not yet c1ear. The grating amplitude sc ales with the net exposure energy 
up to a saturation point, and therefore scales with irradiation power and time.6 The SRG 
is phase-shifted with respect to the incident light pattern, with light intensity maxima 
corresponding to surface relief minima.7 The grating amplitude depends strongly on the 
polarization combination used in the writing beams, and it has been observed that even a 
pure polarization pattern can lead to SRG formation.8 Mechanisms proposed to explain 
the mass transport inc1ude: isornerization pressure,9 gradient e1ectric forces,10 asymmetric 
diffusion, Il mean-field forces, l2 and permittivity gradients. 13 In addition to these 
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mechanisms, the inherent fluid dynamics have been modeled,14-16 yet the exact nature of 
the driving force remains unreso,ved. 
Over the course of mectanism investigation, it has generally been assumed that 
thermal effects do not play a significant role in the inscription process, since inscription is 
known to depend on the light polarization, yet a purely thermal mechanism would be 
sensitive only to light intensity. It has recently been suggested, however, that thermal 
gradients might be responsible for SRG inscription using pulsed irradiation,17,18 and it 
may also be that sample heatlng is assisting the cw photo-induced mass transport 
phenomenon. It is therefore of interest to consider quantitatively what effect, if any, 
thermal gradients may have in pulsed and continuous irradiation experiments. These 
thermal gradients would be created due to the inhomogeneous illumination of the sample 
surface, but their magnitude and persistence time would be expected to depend strongly 
on material parameters, geometry, and size-scale. In an effort to understand the role of 
thermal gradients in the SRG inscription process, we created a straightforward cellular 
automaton simulation, and used it to predict the temperature gradients for typical 
inscription conditions. These predictions indicate that thermal gradients are negligible for 
typical modest irradiations, and that pulsed irradiations are likely causing destructive 
sample ablation, and not mass transport. We also present the results of our experimental 
investigation of SRG formation on substrates of markedly different thermal conductivity 
(plastic and air), which confirm that the grating mechanism is insensitive to film steady-
state temperature. The model presented is general, and should allow estimation of 
temperature rise in a variety of different experiments and geometries. 
3.3. Methods 
3.3.1 Simulation ProcHdure 
In order to simulate heat flow in the hundreds of nanometers regime, a rectangular 
grid of cubic cellular automata was implemented, where diffusive heat energy transfer 
from cells to nearest neighbors i:;; calculated using the Fourier law: 
J( ) (
8T(Y,Z,()] (8T(y,z,t)) 
Y z t = -K - K _....:::....cc........:.......:... , , ay 8z (3.1) 
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where J(y,z,t) is the rate of heat flow at position (y,z) and time t, T(y,z,t) is the 
temperature, and K is the thermd conductivity (a material property). The validity of this 
law for short time and distar.ce scales, with minor deviations from bulk thermal 
conductivity, has been verified experimentally.19 The typical SRG inscription experiment 
can be completely simulated ming a two-dimensional slice of material, as shown in 
Figure 3.3. In general, the thin azo film has a free surface (with air above it), and a 
substrate (such as a glass slide). Approximate bulk material properties for the three layers 
are shown in Table I. 
TABLE 1. Simul2tion parameters 
Substance Heü Thermal 
Air 
Azo 
Glass 
CaI,acity Conductivity 
C K 
(JlI<in3) (W/mK) 
l300 0.026 
1.60x l06 0.l7 
l.51ix 106 0.80 
Thermal 
Diffusivity 
Ci 
(m2/s) 
2.3xlO 5 
1.1 x 10-7 
5.1xlO-7 
Extinction 
Coefficient 
€488nm 
(JI.IIl-l) 
o 
5.30 
o 
The optical field is simulated inside the azobenzene film only, with a Beer-
• 
• 
Temperature 
Excess: 
Air 
1°.0003 K 
Film 
z 
• 
SUbstrate~y 
700 nm (periodic) x 
Figure 3.3: Two-dimensionll simulation setup. A rectangular simulation region, 
with periodic boundary conditions, describes a representative section of the 
azobenzene film. The heat flow calculations predict periodic temperature profiles, 
as a result of the periodic light pattern at the sample surface. The temperature map 
shown is the output from il 2D simulation of a 200 nm film, after 10-7 s of 
irradiation with 50 mW/cm2. 
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Lambert exponential decrease of light intensity in the z-direction, and a sinusoidallight 
variation in the y-direction. The left and right-hand sides are coupled, forming periodic 
boundary conditions in the y-direction, which correctly describes the periodic oscillation 
of the light field at the sample ~mrface. The width of the simulation was set to 700 nm, 
which is approximately the periodicity obtained with 488 nm light interfering at 20°. 
Simulation in the x-direction is not necessary, since no parameters vary along that axis. 
The top and bottom edges of the simulation rectangle were treated as perfect heat sinks, 
meaning that any thermal energy in excess of ambient reaching these cells was 
eliminated. The presence of the~;e heat sinks creates an artifact for any finite simulation 
size, but as will be discussed laler, the results can be interpreted in a way that does not 
depend on this effect. The results presented here used a vertical simulation size of 10 J1ID. 
Each cell is defined by material properties, specifically thermal conductivity, heat 
capacity, and extinction coefficient (zero except for the azo film); and by simulation 
variables, specifically the hea-: content and temperature at a given timestep. The 
simulation algorithm consists of, on each timestep: (I) augmenting the heat energy 
content of each azobenzene-film cell, based on the calculated light energy absorbed by 
that cell; (2) calculating the cell temperatures, based upon their current heat content and 
heat capacity; (3) redistributing energy between nearest neighbors, based on the thermal 
disparity between the cells and the Fourier law; and (4) resetting the upper and lower 
boundaries to zero excess heat content. It was found that the simulation results were 
essentially identical, regardless of the exact choice of cell size and timestep duration, so 
long as these are sufficiently srrall. For the two-dimensional (2D) simulations presented 
here, the cells are cubes 10 mu on a side, and the timestep is 10-12 s, which were 
determined to be sufficiently small to avoid resolution artifacts. For long simulation 
times, a simplified one-dimensional (ID) array of cubic cells was instead used, with cell 
sizes of 100 nm and a timestep of 10-10 s. The ID results shown here were obtained with 
a 200 Jlm linear array. 
3.3.2 Thin Film Irradiation 
The low molecular wei:sht azobenzene polymer, poly(disperse red 1 acrylate) 
(pdrla), was synthesized as described previously.20 Thin films ofpdrla were spin-coated 
from filtered solutions (~0.1 mül/L repeat unit concentration) onto freshly cleaved mica 
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(800 rpm for 35 s, acceleration 1680 rpm/s). The thin film was then floated off onto a 
water surface, and picked up onto a plastic substrate with an array of 1.5 mm diameter 
holes. Portions of the thin film suspended over the holes are thereby freestanding, and 
experience an air substrate. The entire film was exposed for one hour to an interference 
pattern (8 = 20°) from the 488 mTI line of an Ar+ ion laser (Innova 308, Coherent). The 
beam was circularly polarized, and the power at the sample surface was 10 mW/cm2• The 
resulting SRG, in the areas ove:r the plastic substrate, and over the air substrate, were 
investigated using atomic for·::e microscopy (BioScope, Digital Instruments). For 
comparison, a commercially avülable series of liquid crystal films that exhibit visible 
color transitions at various temperatures were irradiated with the same laser system. 
3.4. Results and Discussion 
The two-dimensional simulation procedure is inherently limited by available 
computational power. Thus, to simulate further in the z-direction and time, it is necessary 
to simplify the system somewhat. As will be discussed later, it was found that beyond 
10-5 s, the heat profile in the y-direction had become stabilized. For long simulations, 
therefore, a simplified one-dinensional array of cells was used. Although the ID 
simulation allows access to longer distances and times than the 2D simulation, it is also 
limited by finite-size artifacts. The simulation results can be compared (at least within 
order of magnitude) to the analytical result obtained by considering an infinite plane 
heating a semi-infinite material. For a constant heating rate of Wo, the temperature profile 
iS:21 
(3.2) 
where erf is the error function, Ti is the initial temperature of the system, a == K / C is the 
thermal diffusivity, where C is the heat capacity, and 
ç=_z_ 
2.Jai 
Of specific interest is the temperature of the plane itself, which is: 
T(O ) - T 2wo * 1/2 ,t i +-- -t 
K 1r 
(3.3) 
(3.4) 
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Figure 3.4: Typical heat-flow simulation result, in this case for a 200 nm azo film 
on glass substrate, irradiated with 50 mW/cm2 light. The simulation tracks the 
temperature of the hottest azo ce11 (solid line), the coldest ce11 (dotted line), the 
average of a11 the azo ce11s (dashed line), and the temperature difference between 
the hottest and coldest cells (dot and dash line). 
The analytical solution therefore predicts that the temperature of the thin film should rise 
as t 1/2 • 
The temperatun:s that will be discussed henceforth are excess 
temperatures, relative to ambiert, since the Fourier equation is invariant under uniform 
temperature offsets. Figure 3.4 !,hows a typical simulation output, in this case for a 200 
nm azo thin film on a glass substrate, irradiated with 50 mW/cm2 oflight. The quantities 
plotted are the temperature of the hottest ce11 in the azo film, the temperature of the 
coldest ce11, the simple average of a11 the azo ce11s, and the difference between the hottest 
and coldest ce11s. This temperature difference was invariably found to correspond to the 
difference between the maximum and minimum of the light irradiation pattern. Any 
mechanism attempting to explain SRG formation on thermal grounds would presumably 
be sensitive only to this temperature difference. As can be seen in Figure 3.4, the overall 
temperature of the film contiIlues to rise long after the temperature difference has 
stabilized. One can approximate a characteristic distance for heat diffusion in time t using 
J;;i. Using this relation, one would expect heat flow over a distance of 700 nm to 
stabilize after ~5 IJ.S, in agreement with the simulation results. The overall rise in film 
temperature eventua11y reaches a steady-state value, which is necessarily dependent upon 
the finite simulation size. Larger simulations le ad to proportional postponement of the 
finite-size steady-state artifact. The temperature difference curve, however, is found to be 
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invariant under simulation size, and in fact sets in before the finite simulation size plays a 
role. It therefore seems reasonable to decouple questions regarding the heat flow in the x-
y plane and heat flow in the orthogonal z-direction. The former relates to the magnitude 
of thermal gradients inside the fi lm, and the latter to the final absolute temperature of the 
film. 
Figure 3.5: Comparison of modeling methods, using a 200 nm film under 50 
mW/cm2 irradiation. (a) The analytical solution (dashed line) is offset slightly 
from the ID simulation (:;olid line) due to different assumptions. (b) The 
analytical solution (circles), ID simulation (squares), and 2D simulation (solid 
line) converge well at short times. 
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Longer simulation time~: become accessible using the ID cell array, and still 
longer times using the analytical solution. The 2D, ID and analytical approaches are 
found to superimpose agreeably (Figure 3.5). The early portion of the ID simulation is 
well described by a curve of the form T = at 1/2 , where the pre-factor ais within 10% of 
the one calculated using Equation 3.4 and the parameters for glass. The discrepancy in 
the values for a, observable at longer timescales, can be entirely attributed to the fact that 
the simulation incorporates heat loss into the air as well as the glass substrate. U sing Jat 
as before, one would expect that after milliseconds, the temperature profile would reach a 
steady-state in the z-direction. Accordingly, at still longer simulation times, finite-size 
effects cause the ID curve to deviate from T = at l/2 behavior. The agreement of the three 
approaches (2D, ID, analytical) lends strong credibility to the simulation results. Overall, 
it is predicted that the film tE:mperature rises as t l/2 indefinitely. For any realistic 
macroscopic sample one would eventually have to extend the analysis to include the 
finite sample size (in the x and y directions) and convective heat flow above the sample. 
These considerations would necessarily limit the achievable steady-state temperature in a 
thin film irradiation process. Tht: magnitude and scaling indicate, however, that final film 
temperatures under modest irradiation will not be very large. Specifically, typical 
inscription conditions involve irradiating an area approximately 1 cm in size with 50 
mW/cm2, for minutes. Accordlng to Equation 3.4, after 5 minutes of 50 mW/cm2 
irradiation, the thin film temperature would have risen by ~ 12 K. More realistically, the 
finite irradiation size would be e)(pected to play a role when the temperature profile in the 
z-direction reaches distances similar to the irradiation size. Using Equation 3.3, we 
predict a substantial (1 K) temperature rise at a distance of 1 cm from the sample after 2 
minutes, at which time the film temperature has risen by 5 K. We expect final film 
temperatures to be on the order of ~5 K above ambient, which is consistent with the 
measured temperature rise in a thin azobenzene polymer film under 100 mW/cm2 
irradiation.22 We performed a fl.nther verification experiment, by irradiating a series of 
liquid crystal films that exhibit visible color transitions at different temperatures, and 
found that irradiation with 20 mW/cm2 caused a ~7 K temperature rise, and irradiation 
with 50 mW/cm2 caused a ~1O K temperature rise. More importantly, the simulations 
indicate that any thermal gradient will be very small, stabilizing at ~5xlO--4 K after 2 IlS. 
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It is unlikely that such a small thermal contrast would lead to any interesting spatial 
variation of material properties. Thermal gradient mechanisms at mode st irradiation are 
therefore effectively ruled out by these results. 
3.4.1 Effect of Film Th;ckness 
As film thickness is increased, the fraction of incoming light that is absorbed 
increases, which leads to an overall increase in the film heat energy content. The very 
bottom of thicker films, however, sees proportionally less irradiance as the thickness is 
increased, so that the minimum temperature becomes proportionally lower. The 
maximum film temperature increases as the film thickness is increased, corresponding to 
trapping of heat at the sample surface, but this effect eventually saturates to a bulk value 
(Figure 3.6). The saturation of the film thickness effect can be fit to, for example, a 
rectangular hyperbolic function. The entire simulation data set, as a function of time t and 
thickness h is well described by .:ln equation of the form: 
T
max 
(t,h) = [~+ dh _]t I/2 
c+h e+h 
(3.5) 
where b through e are fitting parameters, and the term in square brackets is essentially the 
0.10 
g 
'fJ 
~ 0.08 
~ 
" a 0.06 
~ 
~ 0.04 
.... 
\ o.~ 
Figure 3.6: Scaling of film temperature with film thickness, based on ID 
simulation and 50 mW/cm2 irradiation. The simulation results (thick lines) are 
well described by a four-parameter fit (mesh). The maximum temperatures 
. Y: 
achievable saturate to bulk values for films greater than 50 JLm. The t 2 
dependence is satisfied for an film thickness values. 
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Figure 3.7: Predicted ID simulation scaling of the temperature in a 200 nm with 
irradiation power: 50 mW/cm2 (solid line), 100 mW/cm2 (dotted line), 200 
mW/cm2 (short dashes), 500 mW/cm2 (dot and dash line), 1000 mW/cm (long 
dashes). 
parameter a. Thus, we can set an upper bound on the temperature rise even in a bulk-like 
material. This final temperature excess is small even for the thickest films. 
3.4.2 Effect of Laser Power 
In agreement with the a1alytical prediction, Equation 3.4, laser power causes a 
linear scaling oftemperature. Laser irradiances above 1 W/cm2, known experimentally to 
photo-degrade azo materials, lead to significant temperature rises. From Equation 3.3, 
irradiation with 1 W/cm2 leads to a 1 K rise at 1 cm from the film in less than 30 s, at 
which time the film temperature has increased by 50 K. High laser power densities are 
known to cause photobleaching by breaking the azo bond. It is possible that photo-
induced heating above the mate:rial' s degradation temperature of 180 oC contributes to 
sample damage under intense laser light. This prediction is the same order of magnitude 
as the 15 K temperature rise measured in a thin film polymer light-emitting diode (LED) 
subjected to 1 W/cm2 of power input.23 The agreement is more quantitative when one 
adjusts for the small size (4 mm:) of the LED active area compared to the laser spot sizes 
(~1 cm2) being considered here. These results also agree with the observed reduction in 
softening temperature for an azobenzene thin film under 2.4 W/cm2 laser light 
illumination, which indirectly suggested a ~ 12 K photoheating effect.24 It has been 
observed that using high laser power, greater than 20 W/cm2, an in-phase SRG is 
superimposed upon the out-of-phase SRG obtained under low power irradiation.6 The in-
106 
phase grating cannot be photoerased, suggesting an irreversible, destructive mechanism. 
The postulation that this second SRG results from thermal degradation or crosslinking is 
supported by the present simulations, which predict substantial temperature rises, well 
above Tg and the degradation temperature (Figure 3.7). 
3.4.3 Effect of Substrate (Thermal Conductivity) 
Equation 3.4 predicts a ~200-fold difference in film temperatures between the 
case of glass and air substrates, owing to the markedly different thermal conductivities 
and heat capacities. Simulation results suggest that the absolute temperature rise of the 
film will be at least an order (If magnitude higher when it is suspended over a good 
insulator such as air. The lateral temperature difference, however, is not affected by 
substrate thermal conductivity (Figure 3.8(a)). In order to experimentally investigate 
(b) substrate 
(a) 
100 
0.004 nm 50 
0 
gO.003 : no substrate 
'" 
'" 
" u 
>< ~ 0.002 
.... 
substrate 
.3 
e! (c) 
" r:>.. e ~ 0.001 
100 
0.000 nm 50 
0 2 4 6 8 10 0 
time (us) 
Figure 3.8: (a) Two-dimensional simulation of temperature excess for irradiation 
(50 mW/cm2) ofa thin film (200 nm) on a glass substrate versus air substrate. The 
average film temperatun: for glass substrate (solid line) is much smaller than for 
air substrate (dotted line), whereas the temperature difference for glass substrates 
(dashed line) and air substrates (dot and dash line) is identical. There is no 
experimental difference between the SRG obtained on a plastic substrate (b) 
versus air substrate (c). 
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Figure 3.9: Temperature rise predicted by the 2D simulation for a 6 ns laser 
pulse of total energy 50 mJ/em2. The hottest cell (solid line) reaches nearly 6000 
K after 6 ns, whereas th{: coldest cell (dotted line) reaches its maximum 
temperature after the pul:;e. The average temperature (dashed line) and 
temperature difference (dot and dash line) indicate that extremely high 
temperatures are achieved under pulsed irradiation. 
substrate effects, a freestanding polymer film was deposited onto a plastic substrate with 
holes. The areas of the film 01 the plastic substrate experience much better thermal 
conduction (approximately equa: to the glass substrate considered in the simulations) than 
the areas suspended over the ho les, which experience an air substrate. The AFM images 
of SRG inscription in the two areas are shown in Figures 3.8(b) and 3.8(c). Despite the 
significantly different film temperatures in the two regions, the SRG's are essentially 
identical. Any photo-thermal e:trects at play in surface relief inscription are too weak to 
be observed in this experiment. There is mounting evidence for a photo-induced material 
softening in azobenzene thin films,IO,24-26 but these simulation results indicate that it has a 
negligible thermal component. 
3.4.4 Pulsed Irradiation 
A pulsed irradiation was simulated by using a square-wave light pulse. The photo-
energy input was set to be 8.3 x 106 W/cm2 for 6 ns, corresponding to 50 mJ/cm2 of 
energy. The result can be seen in Figure 3.9, where the film temperature rises sharply and 
nearly linearly for the duration of the pulse. After the pulse, the film cools and 
redistributes thermal energy. Thc~ hottest cells in the film experience a temperature rise of 
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nearly 6000 K during the pulse, weIl beyond the typical damage threshold (~180 OC) for 
these materials. In the polymer photo-ablation literature, temperature increases on the 
order of 103 K have been reportl~d for strongly absorbing samples.27-3o It therefore seems 
likely that pulsed experiments on azobenzene polymer thin films are generating thermal 
gradients of sufficient magnitude to destroy the sample. This is contrary to the postulation 
that thermal gradients lead to spatial variation of material properties (such as the 
permittivity), and thereby to optical forces. 18 The foregoing analysis has, however, not 
inc1uded many pertinent effectB, such as the non-linear absorption of the azobenzene 
chromophores at high laser field intensity, and the temperature-dependence of the 
material properties shown in Table 1. It should also be noted that if ablation is occurring, 
then the film geometry is changing with time, which the simulation ignores. The 
simulation nevertheless gives an order of magnitude estimate of sample heating, and 
strongly suggests that laser pulses are causing material ablation that is in no way unique 
to azobenzene chromophores. 
To verify the pulsed irradiation simulation, we solved analytically for the 
temperature distribution. Over the course of a 6 ns pulse, the characteristic distance for 
heat diffusion is & ~ 25 nm. Given this short distance, the pulsed experiments can be 
considered in two parts: an irradiation phase where diffusion is neglected, and a diffusion 
phase after energy input has ceased. The temperature rise at time t during the pulse, 
assuming no diffusion, can be written: 
T(y,z,t) = Iote~nlO[ 2Sin'(: y)IO-'''-''] (3.6) 
where 10 is the incident irradiation intensity, E is the material extinction coefficient, h is 
the film thickness, and A is the spacing of the interference pattern (700 nm for the 
configurations considered here). The term in square brackets denotes the light distribution 
pattern inside the film. Using Equation 3.6, one predicts a ~7600 K increase for the 
hotte st point in the film at the ead of the pulse, which is within 20% of the result shawn 
in Figure 3.9. The average temperature can be computed as: 
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hA jhA 
Tavg = f fT(y,z,t)dydz f fdydz 
00 0 0 
= lot [1-lO-m ] 
he 
(3.7) 
Using the same parameters as for Figure 3.9, this equation predicts an average film 
temperature of -1400 K at the end of the pulse, which is within 2% of the simulation 
result. The heat diffusion phase can be analyzed by decomposing the temperature 
distribution that results from th~ laser pulse into a spatial distribution of instantaneous 
point heat sources:3! 
T(y,z,t) = Q oofdi oofdyhfdzexp(- (X-X)2 +(y- y)2 +(z-zi J[2sin2(~Y)lO-&(h-Z)] 
8(nat)3/2 -00 -00 0 4at A 
= ~ 1 exp(- (y - y:,2 J sin 2 (~ Y Î7 f exp(- (z - zi - &ln lO( h - z) l,rz 
27rat -00 4at A r y 0 4at r~ 
(3.8) 
where the time t now refers to time after the pulse, since the pulse duration is assumed to 
be negligibly smaH. Equation :1.8 can subsequently be used as a solution to the heat 
diffusion law, and the temperature profile during the pulse can be recomputed more 
rigorously.32 
Equation 3.8 has implicitly assumed that ex is the same everywhere. That is, onlya 
single infinite material is considered. When this equation is compared with a simulation 
using the same assumption (identical thermal properties in the three regions), the 
agreement is very good, at aH times. At long times (>10-7 s), the simulation and analytic 
results agree to within 2% or better. Near t = 0 s (i.e.: immediately after the pulse), the 
agreement is between 1 % and 15%, depending on the location inside the film. In addition 
to further validating the simulation procedure presented in this paper, the comparison 
with analytic results confirms that azo films under pulsed irradiation are likely to achieve 
temperatures rises of several thousand Kelvin. 
3.5. Conclusion 
The thermal model developed here for irradiated thin films is simple and robust, 
appearing to yield reasonable order-of-magnitude estimates for typical situations. Clearly 
this technique could be extended to other cases, such as consideration of thermal effects 
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in light propagation down a nélrrow fiber-optic, NSOM tip, or slab waveguide. With 
respect to the surface relief inscription process unique to azobenzene polymers, these 
simulations strongly indicate that thermal effects do not play any appreciable role. 
Specifically, the overall temperature change under mode st irradiation is too small to lead 
to a change of material properties or softening of the sample. The temperature gradient 
achieved within the sample is on the order of 10--4 K, and does not appear to vary with 
inscription or geometric conditions. This gradient cannot lead to an appreciable spatial 
variation of material properties, and certainly does not explain the dependence of SRG 
inscription on many variables. Surface relief gratings formed under markedly different 
thermal conditions were essentially identical, further discounting the role of thermal 
effects. Although there is mouming evidence that azobenzene photo-isomerization leads 
to material softening, it now seems unlikely that there is an appreciable thermal 
component. The simulations performed here suggest that pulsed irradiation leads to 
destructive sample ablation, a well-established phenomenon in strongly absorbing 
polymer systems, rather than to reversible optical mass transport. Thermal effects in 
small systems can depend sensitively on many parameters, but it appears that even simple 
cellular automata, as presented here, can capture much of the behavior at a meso scale in 
a reasonable way. 
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Chapter 4 
Confinement of Surface Patterning in Azo-Polymer Thin 
Films 
The prevlOUS chapter c.escribed temperature modeling of laser-irradiation of 
polymer films. It was found thal: for typical irradiation geometries, photo-heating effects 
could be ignored. This enabled us, in subsequent experiments, to use temperature as a 
probe of photo-physical effect~:, without any confounding effects due to light-driven 
temperature change. This chapter discusses confinement effects in the patterning of azo 
materials. With regard to und~rstanding the mechanism of patterning, the previous 
chapter addressed the effect of photo-heating, whereas this chapter addresses the size-
scale of the mass transport phenomenon. In particular, this chapter studies the efficiency 
of patterning as a function of film thickness, as well as the thermal erasure of surface 
patterns as a function of thickne:;s. Both techniques demonstrate strong deviations of film 
dynamics as thickness is decrea;ed, suggesting that the observed material motion is of a 
size-scale commensurate with the thickness regime studied, that is, on the order of 20-
100 nm. 
4.1. Abstract 
Azobenzene polymer thin films are known to spontaneously generate surface 
patterns in response to incident light gradients. This peculiar process is investigated in 
terms of the dynamics of the various azobenzene photo-motions, which occur on different 
length-scales. In particular, the formation and thermal erasure of surface relief gratings 
are measured as a function of film thickness, and by using combinatorial samples with 
thickness gradients. The thermal erasure of gratings in this system provides a direct 
measure of the glass transition temperature, which is found to deviate substantially from 
the bulk value. Thin azo films exhibit a glass transition up to 50 K higher than the bulk. 
These dynamical measurement~: allow us to probe the length-scale of mass transport, 
which is found to be ~150 nm. Furthermore, surface mass transport is completely arrested 
in thin films <40 nm. According to these results, mass transport involves the coordinated 
motion of many polymer chains in the depth of the sample, rather than surface diffusion 
of individual chains. 
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4.2. Introduction 
Azobenzene polymers are unique materials that exhibit remarkable photo-physical 
and photo-mechanical properties. 1,2 Fundamentally, the azo chromophore undergoes a 
clean and efficient photo-isomerization when irradiated with light anywhere within its 
broad absorption spectrum (see Figure 4.1). This isomerization converts the stable trans 
azo into a meta-stable cis azo state. The cis isomer will revert thermally back to the trans 
form, or this back-isomerization can be photo-initiated. For the azo materials studied here 
(so-called pseudo-stilbenes), the thermal back relaxation has a timescale on the order of 
seconds, and since the trans and cis absorption spectra overlap, a single wavelength of 
light (in the region of 450-490 nm) can be used to induce both the forward and the 
reverse photo-isomerization simultaneously. This molecular-scale photo-motion leads to 
a host of larger-scale material motion effects. For instance, the azo chromophore can be 
photo-aligned with polarized light due to a statistical absorption and reorientation 
phenomenon (essentially orientational hole buming). This fully reversible chromophore 
alignment leads to strong dichr~ism and birefringence in the azo materials, due to the 
azo's anisotropic structure. The azo photo-motion has been investigated as a photo-
switch,3 to align liquid crystalline systems,4,5 to bend freestanding thin films,6,7 and in 
many other photo-dynamic systems.2 
In 1995, a further photo-motion was discovered in the azo system.8,9 It was found 
that irradiation with a light intensity and/or polarization gradient would lead to 
Figure 4.1: Molecular ~:tructure of the azobenzene-containing polymer 
poly(disperse red 1 acrylate) (pdrla). The azo chromophore isomerizes from the 
trans to the cis state when i rradiated at an absorbing wavelength. The molecule 
relaxes thermally back ta the stable trans state, or can be reconverted 
photochemically. 
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spontaneous large-scale motion of polymer material in the thin film, resulting in surface 
topographical patterning. In the simplest experiment (see Figure 4.2), the sample is 
exposed to a sinusoidal variation in light intensity, originating from the interference of 
two coherent laser beams. The end result is that the azo material generates a Surface 
Relief Grating (SRG), as shown in Figure 4.2. Any incident light field can be used, with 
the azo material' s surface defi)rming to reproduce the light pattern. The process is 
strongly polarization dependent, lO and occurs even at remarkably low laser power (1-100 
mW/cm2). This topographical bologram is stable indefinitely at room temperature, but 
can be erased by heating the film past its glass-to-rubber transition temperature (Tg), in 
which case the original film thickness is recovered. This demonstrates that the process in 
question is a material motion, and not a photo-ablation phenomenon where material is 
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Figure 4.2: (a) Experimental setup for inscription of surface relief gratings in azo 
thin films. The azo sample (S), cast on a glass slide is placed in proximity to a 
mirror (M). An inscription la.ser beam (Ar+ 488 nm) is circularly-polarized using a 
quarter-wave plate (WP). The laser beam reflects off of the mirror and interferes 
with itself at an angle 8. The grating formation can be measured in real-time using 
a probe laser beam (HeNe 633 nm) that is diffracted into a detector (D). (b) The 
resulting sinusoidal surface relief grating, inscribed into the azo-polymer surface, 
as measured using atomic fœce microscopy. 
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lost, as would be the case for most materials irradiated at extremely high power. The 
periodicity of the grating is diffraction limited, being determined by the wavelength of 
light and the inscription geomt:try. For typical inscription conditions, a peak-to'-peak 
spacing of 700 nm is obtained. Despite active investigation, the mechanism of this photo-
patterning phenomenon has n01 been fully resolved. II Suggested mechanisms include 
photo-pressure,12,13 asymmetric diffusion,14,15 mean-field forces,16,17 and optical gradient 
forces. IO,18-20 Not only is the fundamental origin of the driving force not elucidated, but 
there are still unknowns related to the size-scale and dynamics of the mass transport 
phenomenon. The present pap,~r attempts to probe these questions using dynamics 
measurements in films of varying thickness. In particular, we probe the efficiency SRG 
formation as a function of film thickness, and measure the SRG erasure temperature in 
this thickness series. 
Gratings in thin films can easily be quantified using the intensity of a diffracted 
probe laser beam. An azo material irradiated with a light intereference pattern will have a 
number of superimposed gratings inscribed into it. During laser irradiation, the 
illuminated areas will have a higher cis-fraction than the dark regions of the pattern. The 
cis and trans isomers have different refractive indices, and this spatially periodic 
refractive index produces a pha~,e grating. This chemical grating is transient since it will 
decay after irradiation ceases (since the cis isomers will thermally reconvert to the trans 
form). In addition, the polarizati on-dependant orientation of azo chromophores wil1lead 
to a birefringence grating, since ·:he birefringence (hence refractive index measured by the 
probe laser) is spatially varying. This grating is stable at room temperature, although it 
experiences a measurable decay after irradiation ceases, due to orientational relaxation.21 
The surface relief grating (topographical grating) is stable at room temperature. The 
diffraction efficiency of the SRG is very high, owing to the large-amplitude surface 
modification (up to hundreds of nanometers), and typically the measured diffraction 
efficiency is dominated by the topographical grating component. More recently, evidence 
for a density grating inscribed beneath the surface of a SRG has been found. 22,23 This 
grating was found to form during SRG inscription, but was only measurable after a 
subsequent thermal treatment ;tep. Apparently the inscription process gives rise to 
seeding crystallites that grow with thermal treatment, leading to a spatially varying 
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density in the material. This density grating in princip le leads to spatial variation of 
refractive index. In practice, however, it makes only a small contribution to the visible-
light diffraction efficiency (althcugh it is readily measured using x-ray diffraction). Thus 
the visible-light diffraction efficiency is largely a probe of the surface relief, and the x-ray 
diffraction a measure of the density grating. The simultaneous existence of these 
coincident gratings (chemical, birefringence, topographical, and density) necessarily 
complicates analysis of the diffraction efficiency. However it also provides for 
independent measures of material dynamics at different size-scales. For instance, the 
chemical and birefringence gratings are related to molecular-scale motion (azo 
chromophore isomerization and orientation) whereas the topographical grating involves 
laterallength-scales on the order of hundreds of nanometers. 
Previous investigations have measured the temperature at which photo-induced 
orientation (i.e.: birefringence) is erased.24 In these liquid-crystalline systems, the 
birefringence is stable above thl~ glass-transition temperature, owing to the order of the 
Le phase, but is erased at the melting temperature for the mesophase. In amorphous 
systems,25 it is not possible to maintain photo-orientation above Tg. Thermal erasure of 
azo-polymer surface relief gratings has recently been probed by simultaneous visible-
light diffraction and x-ray diffré.ction.26,27 Erasure of the SRG was observed to coincide 
with the bulk glass-transition tt::mperature in the thin films studied. Evidence was also 
found for the formation of a buried density grating during SRG formation, which 
becomes enhanced during the thermal treatment. To further this analysis, we now 
consider the erasure of surface relief gratings in thin films of varying thickness. The 
thickness-dependence of the grating erasure pro vides information about the dynamics of 
the mass transport phenomenon, and allows us to measure the length-scale associated 
with the phenomenon. 
4.3. Experimental Methods 
4.3.1 Sample Preparation 
The polymer material, poly(disperse red 1 acrylate) (pdrla) was synthesized as 
previously reported.28 Samples were prepared by spin-coating azo-polymer solutions 
(pdrla in THF solvent) onto cleaned glass microscope slides. The solution was placed on 
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the substrate, and subsequently ramped (acceleration 1260 rpmls) to 1300 rpm, and 
maintained for 35 s. Film thickness was varied by adjusting the concentration of the 
solution (in the range of 10-1 to 10-3 mol/L, based on repeat unit molecular mass). Thin 
films were annealed in a vacuum oyen at 110°C for 8 hours to remove any residual 
solvent or flow-induced orientation. Film thickness was measured by imaging a scratch in 
the thin film by AFM (Digital Instruments Nanoprobe IlIa in contact mode and Asylum 
MFP-3D in tapping mode). Thickness measurements were corroborated by UV-VIS 
spectroscopy and knowledge 0:: the material extinction coefficient. Samples prepared 
with a thickness gradient were obtained using literature methods.29.31 Briefly, a droplet of 
polymer solution is placed on a ~;ubstrate, and a knife-edge held above the surface is used 
to drag the solution across the substrate. Since the final film thickness depends upon the 
drag velocity (as well as solutior concentration), an acceleration ramp will generate a thin 
film with a thickness gradient. In this work, a 50 ILL drop of polymer solution (5 xl 0-2 
mol/L, based on repeat unit, pdrl a in THF) was coated onto c1eaned glass microscope 
slides. The gap between the substrate and the blade was maintained at ~100 Ilm, with a 
blade angle of 5°. The substrate was ramped from 1 mm/s to 5 mm/s at an acceleration of 
0.56 mm/S2. 
4.3.2 SRG Formation 
Surface relief gratings (SRGs) were prepared by placing a thin film adjacent to a 
mirror, which reflected a coherent laser beam onto the surface (experimental setup shown 
in Figure 4.2). Inscription was performed at room temperature (25°C), and from previous 
work it is known that the low laser power used does not lead to appreciable sample 
heating.32 Laser inscription was performed using the 488 nm line of an Argon-Ion laser 
(Coherent Innova 308). Unles~: otherwise specified, the irradiation intensity was 37 
mW/cm2, the inscription angle was e = 20°, and the irradiation time was 420 s. The 
incident laser beam was circularly-polarized using a quarter-wave plate. Interference of 
right and left-handed circularly polarized laser beams is known to give rise to high-
efficiency surface relief formafon. Grating amplitude during formation was quantified 
using the diffraction of a probe laser beam (20 mW HeNe 633 nm laser attenuated by an 
ND 2.0 filter). The height of the final inscribed surface relief grating was measured by 
AFM. 
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4.3.3 SRG Erasure 
Grating erasure experiments involved measuring the decay of the diffraction of a 
probe laser beam (10 mW HeNe 633 nm laser attenuated by an ND 2.0 filter) during 
thermal ramping. The probe beam was attenuated to minimize any possible photo-
isomerization or photo-orientation (absorption at 633 nm is smaU, yet can nevertheless 
lead to measurable photo-physic:al effects33). Furthermore, a computer-controUed shutter 
was synchronized with data acquisition, so that the probe beam illuminated the sample 
only when required. This further minimized sample exposure to the probe beam during 
the long experiment duration (~24 hours). The sample was fixed inside a heating stage 
with optical windows on the frotlt and back (INSTEC HCS302), driven by a temperature 
controller (INSTEC STC200). Good thermal exchange between the sample and the 
heating block was insured using metal contact spacers. The thin film was ramped from 
25°C to 140°C (or 160°C, as required) at a rate of 0.08 oC/min. This ramp-rate was 
selected based on initial expkratory experiments, where it was determined that the 
erasure temperature depended on ramp-rate if the rate was too high. For the slow ramp-
rate chosen, there is no longer any appreciable dependence on the rate. 
4.3.4 Diffraction EfficiEmcy 
The diffraction efficien:::y can be quantitatively related to the height of the 
induced surface relief grating, and the intensity of the inscribed birefringence and density 
grating (which both give rise to a spatial variation of refractive index). Specifically, the 
intensity of the diffracted visible light, for the m-th order diffraction, scales as:34 
1 ~ IJm(qzh)-eiq,d Jm(q,~nmd)12 (4.1) 
where the Jm refer to the Bessel functions, h is the grating height, dis the film thickness, 
and !1nm is the m-th Fourier ccmponent of the refractive index grating. The scattering 
angles are contained in the momentum transfer: 
21r qz = n-(cosei + cose r) À " (4.2) 
where n is the refractive index, :~is the wavelength of the probe beam, and Bj and Bjrefer 
to the incident and diffracted angles, respectively (as measured from the surface normal). 
These equations can be used to describe both the formation and erasure of a surface relief 
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grating. The Bessel functions can give rise to oscillations in the diffracted signal. The 
grating heights employed in the present work, however, were kept beneath the first 
oscillation in the function, which simplifies data fitting. 
During grating erasure, the dlffraction efficiency is eliminated at a characteristic 
temperature. Thus the height of the SRG can be assumed to follow an equation of the 
form: 27,34 
h=h~ (l T-T 
1 + exp E a g ,a . 
(4.3) 
where Tg,a is the apparent glass· transition temperature (erasure temperature), hmax is the 
initial grating height (which c<:.n be determined from AFM), and Ea is an activation 
energy, which describes the breadth of the transition. A similar equation exists for the 
erasure of the !::.n grating. However the previous work on fitting grating erasure data has 
shown that the birefringence component is much smaller than the surface relief 
component, at least prior to a first melting sequence. It was confirmed here that the 
results are not appreciably affec1ed if the refractive index grating (!::.n term) is ignored for 
the fits to the erasure data. USlng the above equations, we were able to obtain high-
quality fits to the thermal grating erasure data. 
4.4. Results and Discussion 
4.4. 1 Grating Formation 
The diffraction intensity of a probe laser beam (HeNe 633 nm) was measured 
during the inscription of surfac e relief gratings. Representative results can be seen in 
Figure 4.3. As film thickne~.s is decreased, the diffraction efficiency decreases 
considerably. Moreover, there tS c1ear evidence that grating formation saturates more 
quickly in thinner films than it does in thicker films, indicating that material motion is 
being arrested in thinner films. The decay of the signal seen immediately after the laser is 
tumed off is due to cis to trans back-relaxation (i.e.: elimination of the chemical grating) 
and sorne amount of orienta'~ional diffusion (i.e.: relaxation of the birefringence 
grating).21 Both ofthese processes are molecular in origin. In particular, the decay portion 
of the data is well described by a biexponential function: 
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· 1 -k t b -k t signa = ae ct + e 0' (4.4) 
where t is time after the inscription laser is tumed off, a = 0.22 is the relative contribution 
from the chemical grating, and b = 0.78 is the relative contribution of the orientational 
grating. The value for the Gis to .'rans relaxation is kct = 0.24 S-I, as reported previously in 
the literature.35 The value for the orientational relaxation was fit to be kor = 0.063 S-I. 
These same values can be used to fit the decay for films of aH thickness values, indicating 
that these relaxation processes are not appreciably affected by thin film confinement in 
the range of 20 nrn to 430 nrn. It is worth noting that a previous investigation36 used the 
azobenzene Gis to trans relaxation as a probe of mobility in thin polystyrene films. In that 
work, evidence for enhanced mobility of the isomerization (hence of the polymer 
network) was detected for thin fJms <100 nrn. This effect was not detected in the present 
study, although the post-inscription relaxation has a substantial orientational component, 
which may be unaffected by film thickness in the range probed. In any case, it is evident 
that the molecular-scale processes are much less sensitive to the film thickness than the 
larger-scale mass transport phenomenon, as will be shown below. 
As discussed in the in1roduction, laser irradiation generates several kinds of 
gratings simultaneously. Both a persistent grating, and a transient grating are inscribed. 
The latter gives rise to the decrease in signal observed after irradiation ceases. The 
persistent grating results from topographical patteming (SRG) and the birefringence 
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Figure 4.3: Diffraction efficiency (arbitrary units) measured during grating 
inscription. The irradiation 1 aser was tumed on at 0 s, and was tumed off at the 
moment indicated by the d~.shed line (420 s). The upper curve is for a 427 nrn 
film, the middle curve for a 114 nrn film, and the lower curve for a ~20 nrn film 
(this data has been scaled 20-fold for clarity). 
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Figure 4.4: Variation of the composition of the measured diffraction signal as a 
function of film thickness. The extent of the persistent grating (primarily surface 
relief) relative to the transient grating (primarily chemical) can be quantified using 
the diffraction efficiency data (see Figure 4.3). In thick films, the diffraction is 
primarily due to the large-sGale SRG, whereas in thin films the molecular-scale 
chemical grating dominates. 
grating. Except in extremely thin samples, the topographical grating is the dominant 
contributor to the measured persistent diffraction. The transient grating, on the other 
hand, is due to the cis/trans chemical grating, with sorne contribution from the 
birefringence grating, which rel2xes due to orientational diffusion after the laser is tumed 
off. The SRG by contrast remains fixed after the laser is tumed off, and is not part of the 
observed transient signal. Thus the transient grating is a probe of molecular-scale motion 
(azo isomerization and azo dipole motion) whereas the persistent grating is a probe of 
larger-scale motion (involving mass transport of polymer chains). The relative 
contribution of the persistent and transient gratings can be seen in Figure 4.4. This data 
provides a measure of the extent to which the various processes (molecular and larger-
scale polymer motion) are aff(!cted as film thickness decreases. For thick films, the 
persistent grating (the SRG) accounts for the majority of the observed diffraction, 
whereas in thin samples it becomes the minor contribution. This indicates that as we scale 
to thinner samples, the formation of surface-relief is being arrested more significantly 
than the molecular motions of cis/trans isomerization and orientational motion of azo 
dipoles. In other words, the larger-scale photo-motions of the azo chromophore are being 
hindered, whereas molecular-scale photo-motions are not. 
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4.4.2 SRG Height 
In order to ascertain the scaling of SRG formation with film thickness, an azo thin 
film with a macroscopic gradient in thickness across its surface was exposed to 
interfering laser light (Figure 4.5). This combinatorial experiment allows a range of 
thickness values to be probed simultaneously. The sample was illuminated with a 
gradient in light intensity, thereby creating a 2D combinatorial sample that 
simultaneously probes film thickness and irradiation intensity (and the interplay between 
these two parameters). As expected, the diffraction efficiency increases with increasing 
irradiation intensity (the intensily is 2.8 mW/cm2 near X = 0 mm and increases to 33.7 
mW/cm2 at X = 20 mm). It can also be seen that diffraction efficiency is larger in thicker 
films (film thickness varies from 30 nm near Y = 25 mm to 60 nm near Y = 40 mm). 
Direct measurements of surface relief grating height were also conducted using AFM on 
a series of samples with different thickness values. The data, shown in Figure 4.6, again 
demonstrate that grating inscription becomes hindered in extremely thin films, regardless 
of the laser intensity used. In extremely thin films «40 nm), the SRG height becomes 
smaller than the film roughness" and is not detectable by AFM. This inability to form 
surface relief structures in ultra-thin films suggests that a certain size-scale of material 
motion is required for efficient mass transport. 
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Figure 4.5: Diffraction efficiency (logarithmic scale) for a combinatorial thin film 
of azo polymer. The sample thickness increases in the + y direction. The sample 
was irradiated with a light interference pattern whose intensity increases in the + X 
direction. 
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Figure 4.6: Inscribed grating height (SRG amplitude) as a function of film 
thickness, as measured by AFM. The gray diamonds correspond to a laser 
irradiation intensity of 120 mW/cm2, whereas the black circles correspond to 37 
mW/cm2• In both cases a decrease in grating height is seen in thinner samples. 
4.4.3 Grating Erasure 
To further probe the size··scale dependence of mass transport dynamics in the azo-
polymer system, surface relief ,gratings were thermally erased. Typical grating erasure 
curves are shown in Figure 4.7. As the thin film is heated, the diffraction efficiency 
eventually begins dropping, due to material flow that serves to erase the grating 
(oscillations in the signal are due to thermal expansion of the film and substrate). This 
elimination of surface relief is undoubtedly a surface-tension driven process. At room 
temperature the material is an amorphous glass and material motion is impossible. As the 
glass-transition temperature is approached, coordinated polymer motions become 
activated and the thin film flattens out any surface patterns. The grating erasure data can 
be fit using Equations 1-3. The end result of such a fit is the determination of an erasure 
temperature (Tg,a) and an activé.tion energy for the process (Ea). For thick films (>350 
nm), the erasure temperature corresponds well to the bulk glass-transition temperature 
(Tg). Specifically, the grating erasure occurs at 102°C, slightly higher than the bulk Tg of 
95-97°C. It is worth noting that a decrease in diffraction is observed -15°C before the Tg,a 
is reached, which is -10°C below the bulk Tg value. 
Figure 4.7 shows a sa:nple of grating erasure curves for films of different 
thickness. In all cases surfacE: relief gratings were inscribed with identical optical 
irradiation parameters. As film thickness is decreased, the erasure temperature exhibits a 
remarkable shift towards higher temperatures. The fit parameters are shown in Figure 4.8. 
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Figure 4.7: Typical grating erasure curves for films of different thickness. The 
symbols are the experimental data, and the solid lines are the fits. As the film 
thickness is decrease, the CUlve is shifted to higher temperatures, corresponding to 
a higher grating erasure temperature. 
The deviation from bulk Tg becomes very large in the thinnest films, with no indication of 
grating erasure even after passing through the bulk Tg value. For thin films of 46 nm, the 
measured Tg•a is ~50°C higher than the bulk glass-transition. This represents a substantial 
shi ft of the film dynamics compared to bulk samples, evidently related to thin-film 
confinement. The breadth of the transition (described by Ea) is a comparatively 
insensitive fit parameter. It does not appear to follow any trend with film thickness, with 
a value of ~8 K reasonably describing all the data. 
It is important to emphasize that the change in apparent Tg with film thickness 
cannot be explained by SRG height alone. For example, in the thinnest films the inscribed 
gratings are of nearly equal height, yet the apparent Tg is nevertheless strongly sensitive 
to film thickness in this regime. As a further check, SRGs of various heights were 
inscribed in films, using different irradiation times. The grating erasure temperature was 
found to depend upon the film thickness, and not the height of the SRG being erased. 
4.4.4 Ultra-thin Films 
In extremely thin films «40 nm), any inscribed surface relief grating is 
essentially non-existent, as measured by AFM, being smaller than the roughness of the 
sample surface. In these ultra-thin films, one can nevertheless measure a small rise in 
diffraction efficiency during last:r inscription, and an erasure of this diffraction during the 
temperature ramping step. In this case, the observed grating is likely entirely due to the 
inscribed birefringence grating. In extremely thin films «40 nm), the birefringence 
127 
grating is erased at ~ 11 O°C, w l1ich corresponds to the sample' s bulk glass transition 
temperature. We can again conclude that the molecular-scale motion of azo orientation is 
not affected by thin-film confinement effects, in marked contrast to the large-scale 
surface mass transport. Undoubt~dly the erasure of the birefringence grating is occurring 
in samples >40 nm as well, but this erasure appears to be small in size compared to the 
erasure of the SRG, whose diffraction efficiency is much larger. In fact the graduaI 
decrease in diffraction efficiency as Tg is approached in thicker samples can be attributed 
to erasure of the weak birefringence grating. Thus for thicker samples (>40 nm) the 
erasure is dominated by the topographical grating (with a small contribution from a 
birefringence grating), whereas in thinner samples «40 nm) the topographical grating 
cannot be written and the observ~d diffraction is entirely due to the birefringence grating. 
The inability to form gratings in ultra-thin samples is not merely a limitation of 
irradiation power or time. From Figure 4.6 we can see that even with greater irradiation 
power, the SRG height decreases to zero near ~40 nm. Furthermore, the grating 
a) 
Ü 150 Il 
e...... 
~ 130 !Ift 
-c , ~ 110 co ~ a. a. 
c:( 90 1 1 1 
0 200 400 600 
b) 20 Film thickness (nm) 
15 '~~ g 10 +~ <Il lJ.J 5 
0 1 1 1 
0 200 400 600 
Film thickness (nm) 
Figure 4.8: Fit parameters for grating erasure data for various film thickness 
values. (a) The apparent Tg (grating erasure temperature) increases dramatically in 
thin films <150 nm. (b) The breadth of the erasure (described by Ea) is a 
comparatively insensitive parameter, and does not vary considerably as a function 
of film thickness. 
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inscription curves (Figure 4.3) show faster saturation for the thinner samples, with no 
further rise in the signal, indicating that ev en with further irradiation, no SRG would be 
produced. This was confirmed with extremely long irradiation times (several hours) , 
where no grating could be generated in ultra-thin films. The inability to form gratings in 
ultra-thin samples is an indicc;.tion of the size-scale of material motion required to 
generate an SRG. 
4.4.5 Mass Transport Size-scale 
The data c1early indicate that the SRG formation and erasure involve motion over 
a length-scale on the order of 150 nm. This size-scale is much larger than the azo 
molecule. The azo polymers used for surface patteming are typically low molecular 
weight chains. In the present study, the polymer molecular weight was approximately 
3700 g/mol, corresponding to chains that are 8-12 repeat units long. A minimized 
molecular model of a 10-mer is shown in Figure 4.9 (generated using the Amber Force 
Field method from the HyperChem 6.0, Hypercube Inc. software). The size of a typical 
polymer chain in this system is on the order of 3 nm, considerab1y smaller than the 150 
nm length-scale invo1ved in ma~;s transport. Thus the inhibition of dynamics seen in thin 
films is not a polymer-chain confinement effect. Instead, the material transport appears to 
4nm 
Figure 4.9: Mo1ecular moé.el of a typica1 pdr1a azo-po1ymer chain (10 repeat 
units). The size of a polymer chain is quite small: on the order of 3-4 nm. 
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involve the coordinated motion of many polymer chains. Such an effect is more naturally 
described in a hydrodynamic framework. The polymer-substrate interface acts as a 
pinning surface, preventing matl:::rial motion at that point. This frictional force prevents 
material motion well into the material. This effect is in sorne ways similar to a fluid 
boundary layer (although by an)' conventional ca1culation, the size of the boundary layer 
in this case is orders ofmagnitude larger than the film thickness). 
4.4.6 Surface Chemistry 
If the increase in erasure temperature is due to interaction with the substrate, it is 
natural to ask whether altering the surface chemistry will affect the observed trends. 
Glass slides treated with dimethyldichlorosilane present a highly hydrophobie CH3 
terminate surface. In this case th::: affinity of the polymer for the surface is decreased, and 
as a result the thin film was found to undergo significant dewetting. Conversely, a glass 
slide treated with Piranha cleaLing solution (boiling 3: 1 mixture of H2S04 and H20 2) 
presents an oxidized, OH rich, and thus hydrophilic, surface. In this case the polymer 
does not dewet, but surface affinity is again decreased. As with the untreated glass 
surfaces, no grating inscription in thin films <40 nm was observed on the highly 
hydrophilic glass substrates. Whether or not the scaling of the apparent Tg is modified by 
different surface chemistries (QI indeed in free-standing thin films) is an open question 
that bears further study. 
4.4.7 Glass-transition Temperature 
It is now well-established that thin freestanding polymer films exhibit depressed 
Tg relative to the bulk value.37 This effect has been mapped through the thickness ofthin 
polymer films,38 where it was determined that the free surface of a polymer film exhibits 
enhanced dynamics relative to the bulk. This effect was found to penetrate ~20 nm into 
polystyrene thin films. The existence of this mobile surface layer, combined with the 
present data, allows us to rigorously exclude a purely surface-layer mass transport 
phenomenon in azobenzene systems. If the material motion were occurring purely at the 
surface, the erasure of a SRG would be expected to occur at a Tg,a considerably below the 
bulk value (i.e.: it should occur at the Tg for the surface layer). Instead what is observed 
here is that even in the thickest films, the grating is erased near the bulk Tg value. This 
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may be because the surface of these materials does not exhibit substantial deviations from 
bulk Tg (possibly due to the low molecular weight). However this may also be viewed as 
substantiation that the length-sGale for this material motion is much larger than this 
mobile surface layer. 
The method presented in this paper for measuring dynamics, namely to identify 
the erasure temperature for a surface relief grating by measuring diffraction, could be 
applied to a wide variety of systems. In the case of azo-polymers, the formation of a 
surface relief is especially straightforward, due to the optical patterning process. However 
in principle nearly any material (;ould have a SRG inscribed onto it in sorne way, and the 
diffraction efficiency as a function of temperature could be used to measure the film 
dynamics. Previous investigations have measured the decay of nanoscale roughness39 or 
embossed surface patterns40 by AFM. Such measurements are obviously laborious, 
whereas measurement of diffrac1:Ïon efficiency is facile and sensitive. The method of hot-
embossing surface patterns into polymer films could be applied to a wide-range of 
systems, allowing for a new and direct measurement of relaxation-phenomena in thin 
films. Moreover, novel measurements could be performed. For instance, two-dimensional 
surface patterns could be imprinted into a film, and the diffraction of a probe beam in the 
two orthogonal directions could be used to probe anisotropic dynamical properties. In the 
azo-polymer system, we have used the erasure of an inscribed grating to probe deviations 
from bulk Tg in thin film. We have measured substantial deviations from the bulk glass 
transition behavior in thin films <150 nm. For extremely thin films «50 nm), it would 
appear that the effective Tg of the thin film is ~50°C higher than the bulk value. 
4.5. Summary and Conclusions 
Based on the presentee, results, it is c1ear that the long-range (hundreds of 
nanometers) motion of polymer material in azo samples is hindered in thin-films, due to 
confinement and the pinning eŒect of the substrate interface. Furthermore, the photo-
induced mass transport phenomenon seen in the azobenzene system is arrested in 
extremely thin films, showing that this process is a long-range effect. In addition to 
substantial material flow in the film plane directions, it is now c1ear that the azo photo-
motion absolutely requires coordinated motion of material in the film normal direction, 
over length-scales of ~ 150 nm. 
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Previous reports in the literature have attempted to as certain whether the surface 
mass transport phenomenon ü a surface or bulk phenomenon. In particular, an 
experiment was performed where a thin film of azo material was capped with a thin 
transparent polyelectrolyte layer.41 This thin layer of material was found to noticeably 
hinder grating formation. Combined with the present results, we now have a more 
complete picture of the nature of the mass transport phenomenon. In addition to requiring 
an unrestricted free surface, we now have strong evidence that material motion over 
larger length-scales (~l50 nm) in the film normal direction is required to move material 
at the sample surface. Furthermore, the efficiency of this process is strongly sensitive to 
the amount of material beneath the free surface, and not merely the material in proximity 
to the surface. This demonstrate1; that the material motion is not localized to the interface, 
but involves forces and material flow originating at greater distances. This explanation is 
consistent with the previous study, since capping the free surface of the thin film would 
be expected to hinder SRG formation due to the higher energy requirement for increasing 
film surface area. Adding a capping layer to an azo thin film creates a pinning interface 
analogous to the substrate pinnir.g observed in this study. 
With regard to the mechanism of surface relief formation, the present results are 
most consistent with a hydrodynamic and photo-mechanical model, such as the photo-
induced pressure mechanism. Diffusion models, on the other hand, would predict that the 
process would OCCur efficiently in a thin surface layer, and would not require coordinated 
motion within the film bulk. Similarly, models proposing localized forces between azo 
molecules would not predict a strong thickness dependence to the phenomenon. Instead 
what is observed here is that a long-range stress buildup in the film is responsible for the 
observed mass transport. Grating inscription is a manifestly large-scale phenomenon, 
both in terms oflateral material tlow, and in the film normal direction, where cooperation 
of material over nanometer to mlcron length-scales is required for efficient photo-induced 
surface patteming. 
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Chapter 5 
Photomechanical EffeGts in Azo-Polymers Studied by 
Neutron Reflectometry 
The previous chapter established the size-scale of surface patterning. In particular, 
it was established that surface mass transport is not a molecular diffusion phenomenon, 
but requires coordinated motion of polymer material. Combining the results of chapter 3 
and 4, it is possible to eliminat{~ certain classes of mechanisms. In particular, those that 
require photo-heating or thermal softening of the material, as weIl as those that are based 
on purely molecular migration, do not fit with the present results. Having eliminated 
certain mechanisms, it then became necessary to search for evidence of a fundamental 
photo-induced motion that could give rise to the large-scale motion seen during azo 
surface patterning. This prompted a detailed investigation, using neutron reflectometry, of 
the effect that homogeneous irradiation of azo films. Although irradiation of azo films 
had been extensively studied, neutron reflectometry provides a sensitive measure of film 
thickness and density, enablillg the material response to light irradiation, hence 
isomerization, to be quantified. In particular, by quantifying the effect as a function of 
temperature, it is possible to identify the various forces that contribute to material 
response. 
5.1. Abstract 
Neutron reflectometry is used to study photomechanical effects in thin films of 
azobenzene polymer cast onto silicon substrates. A significant photo-expansion effect, up 
to 17%, is observed at 25°C, due to the free volume requirement of the azobenzene 
chromophore photo-isomerization. Above a distinct crossover temperature of ~50°C, the 
material response is inverted and instead photo-contraction effects, of more than -15%, 
are observed. In this case the combined photo-motion and thermal mobility enables 
aggregation and crystallization of the azobenzene dipoles. The photomechanical effects, 
which can be reversed, occur readily using a variety of irradiation powers, incident 
polarizations, and film thicknes~ values. This photomechanical behavior, which appears 
to be general to all azo material:~, is likely the origin for a wide variety of curious photo-
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motions observed in these systems, inc1uding macroscoplC bending of samples and 
micron-scale surface mass transport. 
5.2. Introduction 
Azobenzene polymers exhibit a wide range of photo-responses,I,2 due to a c1ean 
and efficient molecular photo-isomerization (see Figure 5.1). When the azobenzene (azo) 
chromophore is irradiated within its broad absorption spectrum, the molecule will 
isomerize into the meta-stable cis isomer state. The azo will then thermally relax back 
into the more stable trans state, or this back-isomerization can be induced photo-
chemically. For the pseudo-stibene c1ass of azo molecules (which are the subject of 
study in this work) , the trans and Gis spectra overlap. For these molecules, irradiation 
with a single wavelength of light (in the range of 450--490 nm) causes continuaI cyc1ing 
of the molecules between the two isomeric states. This molecular isomerization generates 
unique types of material motiol at larger length-scales. The azo chromophore can be 
photo-aligned with polarized light due to a statistical reorientation process (whereby 
chromophores accumulate perpendicular to the irradiation polarization, since they 
become inert to the light), which has also been used to photo-align liquid crystalline 
mesophases.3,4 In fact, even circularly polarized light will eventually induce sorne 
measure of alignment, as chromophores line along the light propagation direction. The 
azo chromophore can also be used to switch material properties,5 and thus these systems 
Figure 5.1: Chemical structure of poly(disperse red 1 acrylate) (pdrla), and its 
associated photo-isomerization. Azobenzene chromophores will isomerize from 
the stable trans state into ':he meta-stable Gis state with light irradiation. The 
molecule will then thermally relax back to the trans state, or may be photo-
isomerized into that state. 
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have been considered in applications ranging from optical devices to sensors. Another 
unique effect observed in the azo systems is a clean and facile surface topography 
patteming that occurs when thes e materials are irradiated with a light intensity gradient. 
This single-step patteming occurs at room temperature, well below the material' s bulk 
glass transition temperature (Tg). Although extensively studied, this surface mass 
transport phenomenon is not yet fully understood.6 The azos have also been shown to 
generate macroscopic photome,:;hanical effects, such as the expansion of thin films 
floating on a water surface,7 the bending of freestanding polymer films irradiated with 
polarized light,8,9 and even macroscopic motion of floating films. lO 
Recently we investigated the photomechanical effect in azobenzene thin films by 
measuring the light-induced expansion of these materials using ellipsometry,l1 an optical 
technique that determines thickness and refractive index by analyzing the polarization 
change induced in a probe laser beam upon reflection. It was found that the thin azo films 
photo-expand during irradiation at an absorbing wavelength, with both a reversible and 
irreversible contribution (see Figure 5.2). The irreversible expansion persists after 
illumination ceases, whereas the reversible expansion can be cycled on and off using the 
pump laser. The extent of expansion can be tuned with irradiation power and time. These 
experiments demonstrated a dec:~ease in refractive index concomitant with the increase in 
thickness, corroborating the conclusion of photo-expansion. In these experiments, care 
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Figure 5.2: Relative thickness measurements, conducted using ellipsometry, 
measuring a distinct photo-expansion during irradiation with laser light for an 
azo-polymer thin film of pdrla. While the laser is on (indicated by the bar in the 
figure), the material expand:;. Even when the laser is tumed off, sorne amount of 
photo-expansion persists, indicating that there is both a reversible and irreversible 
component to the effect. 
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was taken to avoid photo-orientation in the material, by using circularly polarized light 
and mode st irradiation times. This was required because ellipsometry, being an optical 
technique that measures the average refractive index, cannot be easily applied to 
anisotropic media. Due to the azo's strong optical response, all-optical techniques are 
limited in their ability to probe these materials. Not only does photo-orientation generate 
birefringence, which makes optical analysis ambiguous, but optical probes, even at 
nominally non-absorbing wavelengths, can lead to measurable changes in the material. 
In order to resolve these ambiguities, we have probed the photomechanical effect 
III azobenzene thin films using neutron reflectometry. Because neutron scattering is 
sensitive to nuclear density (and not electronic properties), it can be used to 
unambiguously determine thin film thickness and density, regardless of any anisotropy in 
the electronic refractive index. It also enables extraction of the entire film profile, rather 
than simply estimating average thickness and density. In this paper, we describe a neutron 
reflectometry study of the photomechanical phenomenon in azo materials. We employed 
a custom-built sample cell12 that allows measurement of neutron reflectivity simultaneous 
with optical irradiation, and furthermore enables control of the sample temperature. Thus, 
we quantify the photomechanical response of the material as a function of temperature. In 
addition to confirming the photo-expansion effect measured optically, we have also found 
evidence for a unique photo-contraction behavior that occurs at elevated temperature. 
Using neutron reflectometry, we are able to unambiguously identify the photo-expanded 
state and the higher-density photo-contracted state. 
5.3. Experimental 
5.3. 1 Sample Prepara tion 
Unless otherwise stated, the azo-polymer material used in this work was poly 
(disperse red 1 acrylate) (pdr1a), synthesized as previously reported. 13 The chemical 
structure is shown in Figure 5.1. The 2' chlorine-substituted analog of this material poly 
(disperse red 13 acrylate) (pdr1~,a) was also used for a small number ofexperiments. The 
substrates employed were polisbed single-crystal silicon (111) wafers with a thin (~20 A) 
silicon dioxide layer. The wafers were cut into small pucks, 6 mm thick and 24 mm in 
diameter. This small sample siz,~ is necessary in order to ensure that the entire sample is 
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homogeneously irradiated with laser light. The substrates were cleaned using a warm 
piranha solution (mixture of 30% H202 and concentrated H2S04 in 1:3 ratio) for 30 
minutes. Caution: piranha solution is a powerful oxidizer and reacts violently with 
organics. This surface treatment also enhances polymer adhesion, greatly improving film 
homogeneity and decreasing surface roughness. 
Samples were prepared by spin-coating azo-polymer solutions (using anhydrous 
THF as solvent) onto the cleaned silicon substrates. The solution was placed on the 
substrate, which was then ramped (acceleration 1260 rpm/s) to 1300 rpm, and maintained 
for 35 s. Film thickness was adjllsted by varying the solution concentration (in the range 
of 10-1 to 10-3 mol/L, based on repeat unit molecular mass). Film thickness in the range 
of 200-600 A was chosen so as to produce high-quality reflectivity curves with a 
substantial number of Kiessig bnges within the available qz-range. The cast thin films 
were annealed in a vacuum oyen at 110°C for 8 hours to remove any residual solvent or 
flow-induced orientation. 
5.3.2 Neutron Reflectometry 
The neutron reflectivity experiments were performed at Chalk River Laboratories 
Canada (National Research Council), using the C5 triple-axis spectrometer. 
Measurements were performed using neutrons of wavelength À = 2.37 A, in specular 
reflection mode. The momentum transfer, qz = (47r/ À)sinB, was varied between 0.006 
A-1 and 0.07 A-1 by varying the specular reflection angle, 8. The collimation slits were 
opened sufficiently so as to over-illuminate the sample with the neutron beam, such that 
the sample itself de fines the :~eflected beam profile. Scans were performed in two 
segments with different slit settings: from qz = 0.006 A -1 to 0.04 A -1, and from 0.04 A-1 
to 0.07 A-1• The relative resolution, D.qz/qz, varies from 0.15 to 0.03 in the first segment, 
and from 0.05 to 0.03 in the second segment. The two scan regions were found to overlap 
exactly. A pyrolitic graphite fi11:er was used to suppress the signal from the N2 and N3 
components of the monochromator reflection. Furthermore, an analyzer was used to 
diffract the reflected beam into the detector. This analyzer and detector geometry was 
found to reduce the backgrounè. signal considerably. Background scans were performed 
by offsetting the sample by a fixed angular displacement of +0.5°, and have been 
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subtracted from all the results pr,~sented. The detector count time was varied as a function 
of qz in order to maintain unifonn and reasonable statistics for the entire scan region. The 
data were nonnalized using the critical reflectivity edge. 
5.3.3 Experimental Setup 
The samples were placed in a custom-built cell that enables neutron scans 
simultaneous with optical irradiation (refer to Figure 5.3). The details of this cell design 
have been previously reported .12 The cell features an aluminum enclosure that is 
transparent to neutrons, and a P\1MA optical window that allows for optical irradiation. 
The sample was fixe d, with thennal contact grease, on a heating block with a 
thennocouple, allowing for accurate control of temperature. Unless otherwise stated, 
Neutron Bearn 
Figure 5.3: Experimental setup for measuring photo-physical changes in azo 
films using neutron reflectometry. The sample cell (left in the figure) contains a 
copper heating plate to which the sample wafer is attached. The aluminum 
enclosure is transparent to neutrons, and an optical window on the front side 
enables simultaneous optical irradiation. Two air-cooled Ar+ lasers (on the right), 
tuned to 488 nm, are used for irradiation. One laser output is adjusted with a 
converging lens (LI) in ord{:r to account for slight differences in divergence. The 
beam from the second laser is reflected off of a mirror (M), making it nearly 
collinear with the first beam, and passing through a concerted optical train (the 
angular difference in the two beams has been exaggerated in the dia gram for 
clarity). The combined beam is converted to circular polarization using a wave 
plate (N'4). A diverging (L2) and converging (L3) lens are then used to exp and 
and collimate the beam, so that it over-illuminates the sample with a unifonn light 
intensity. The beam can be tumed on and off via computer control ofa shutter (S). 
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scans were performed at a constant temperature of 25°C (i.e. 'room temperature'). The 
sample cell was held under vacuum during all temperature ramping to prevent sample 
oxidation. When required, a flow of inert gas (helium or nitrogen) was used to cool the 
cell and sample. Optical irradiation was performed using two air-cooled argon-ion lasers, 
tuned to the 488 nm line. Twolasers were used so as to increase the overall irradiation 
power, and also to average out any coherence effects. One of the laser beams was 
reflected off of an adjacent mirror such that both beams become nearly collinear. The 
output of one laser was adjustt:::d with a lens to account for slight differences in laser 
divergence. The polarized laser output was converted into circulady polarized light using 
a N4 wave plate. Circular polarlzation is used to prevent in-plane orientation of the azo 
chromophores, known to occur readily when irradiating with polarized light. For those 
experiments requiring polarizecl irradiation, the wave plate was removed. A series of 
lenses was used to expand ane. collimate the beam such that the sample experienced 
homogeneous irradiation of the surface. Since neutron reflectivity could be measured 
during thermal ramping and last:r irradiation, we were able to ensure that the sample had 
stabilized at a new temperature, or after laser irradiation, before beginning the full 
reflectometry scan. 
5.3.4 Data Analysis 
The normalized neutron reflectometry curves were fit to scattering length density 
(SLD) profiles using Parratt's dynamic approach. 14 Initial one-box fits were performed 
using the Parratt32 software (prDvided by HMI) , 15 however more sophisticated fits were 
required. These were performed using software code made publicly available by Thad 
Harroun (Brock University),16 eustom-modified to accornrnodate our fitting procedure. 
The instrument resolution was included in the fitting procedure. Data was first fit using a 
simple one-box model. This fit was then refined by allowing for a Gaussian distribution 
of thickness across the sample surface. This improved fit was then further refined by 
allowing the film profile to vary in the film-normal (z) direction. The final fit represents a 
minimization of the film profile as well as the macroscopic thickness distribution. 
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5.3.5 Optical Reflectornetry 
Optical reflectivity scans in the angular range from 20° to 80° were performed on 
the samples after neutron measurements, using the Multiskop instrument (Optrel, 
Germany). By using the thicklless measured from neutron reflectometry, the optical 
reflectometry data could be fit with very little ambiguity. The three orthogonal refractive 
indices were then extracted by fitting the curves using custom-written software that 
implements the transfer matrix formalism for layered optical media. 17 
5.4. Results and Discussion 
5.4. 1 Fitting ProcedurE~ 
Thin films of azo-polymer, spin-coated onto silicon substrates, were measured 
using neutron reflectometry. The resulting reflectivity curves contained numerous 
oscillations (so-called Kiessig fringes 18) which result from interference between neutron 
reflections from sample interfaces. Lacking absolute phase information, neutron 
reflectivity data cannot be directly inverted. Instead, a range of models must be 
considered. The final selected mode1 must describe the experimental data and provide a 
physically reasonable description of the system. Figure 5.4a shows a typical neutron 
reflectometry curve, and variom possible fits to the data, presented in order to assess the 
quality of four different fitting models. The first possibility (uppermost curve) is a simple 
one-box mode1, where the thin film is taken to be a microscopically rough (22 A), but 
otherwise a homogeneous and nit slab of material on top of the substrate, which in tum is 
modeled as a thin layer of silicon dioxide on top of an infinite slab of silicon. This fit 
correctly de scribes the film thidness, as indicated by the spacing of the oscillations in the 
data. However, the fit does nc>t fully match the experimental data. In particular, the 
minima of the oscillations in the fit are much deeper than the actual data. This mismatch 
is not merely a matter of microscopic roughness blurring the reflectivity curve, as shown 
by the second fitting model. In the second model (second curve from the top in Figure 
5.4a), a one-box film with increased roughness (double the initial model, i.e. 44 A) is 
compared to the data. As can be seen, this causes a significant decrease in the absolute 
reflectivity of the model curve, and it no longer describes the experimental data. In fact it 
was found that, with this model, no combination of film thickness, scattering length 
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density (SLD), and film roughness could match the profile mInIma and maXIma. 
However roughness in these calculations is modeled as a smearing of the interface, which 
properly de scribes the coherent averaging that the neutron beam probes when surface 
variation is smaIler than the neutron coherence length. In cases when surface variations 
are larger than the neutron coherence length, there is no interference between the 
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Figure 5.4: (a) Comparison of the quality of model fits. In aIl four curves, the 
open symbols are the same experimental data, whereas the solid line is a model 
reflectivity curve based on a particular SLD profile. In the uppermost curve, a 
one-box model (thickness 499 A, surface roughness 22 A) is simulated. The 
position and spacing of the Kiessig fringes matches the data (indicating that the 
model film thickness is correct). However the minima in the fit data are much 
deeper than the experimental data. The second curve shows a similar one-box 
model with double the surface roughness (44 A). The absolute reflectivity 
decreases substantially, demonstrating that this 'blurring' of the minima in the 
data is not due to effective roughness. The third cUrve shows that by allowing for 
a Gaussian distribution of mm thickness values across the sample surface, the 
data can be fit properly. The corresponding thickness distribution is shown in (b). 
The final model allows not only for a macroscopic thickness distribution, but also 
for a more complex SLD profile. The fit in this case properly reproduces aIl 
features of the data. The conesponding SLD profile is shown in (c). 
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reflections from distinct film r~gions. In such a case, modeling involves a sum and 
average of the distinct neutron reflectivity curves, rather than a sum and average of the 
SLD profiles. This is an incoherent average, where we are summing the relative reflection 
intensities, in ste ad of a microscopic coherent average, where one would sum the relative 
reflection amplitudes. The third model (third curve in Figure 5.4a) fit to the data shows 
the result of allowing for this macroscopic variation of sample thickness. In particular, a 
Gaussian distribution of film thickness values (centered about the nominal thickness from 
the one-box model) involves averaging a distribution of neutron reflectivity curves. This 
averaging does indeed reduce the depth of the minima, without decreasing the absolute 
reflectivity. This assumption allows us to generate much more reliable and reasonable fits 
to the data. The lateral extent of the neutron coherence varies as a function of angle as 
Leoh = 27r /(l1q z sin fJ), which corresponds to 45-230 JLm for the present data. Thus the 
fits indicate that the sample thickness varies across the macroscopic sample surface, with 
a size scale larger than -230 JLIn. Although the spin-casting technique used to generate 
the samples creates highly homogeneous films with consistent thickness, it is 
nevertheless quite reasonable to suggest that the sample thickness varies by -20 A across 
the 23 mm sample surface. Moreover, this large-scale thickness variation is easily 
confirmed using optical techniques. A slightly better fit to the data can be obtained by 
augmenting the thickness-distribution model by allowing for a small variation of the 
sample profile in the film normal (z) direction. The lowest curve in Figure 5.4 shows such 
a model, with the corresponding Gaussian thickness-distribution and nominal film profile 
shown below. The fit to the data is very good, and the film profile (with a slight decrease 
of film density near the surface) is reasonable. It should also be noted that merely 
allowing for complex profiles ir. the z-direction (without a thickness-distribution) cannot 
properly reproduce the intensity of the measured reflectivity. AlI the fits presented are 
thus the result of allowing for both thickness distribution and sorne small density 
variation in the film profile. It i:; also worth noting that the film SLD, obtained from the 
best fits, was always in the range 2.2-2.4xlû-6 A-2, corresponding to a physical density 
of 1.2-1.3 g/cm3, which is consi:;tent with previous measurements on these materials. 19 
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5.4.2 Photo-expansion 
In the previous ellipsom;:try study of photo-expansion in azo materials, II it was 
found that the material expanded as a result of laser irradiation of sufficient power, if the 
wavelength was inside the azo absorption band. Both a reversible photo-expansion, which 
occurs only when the laser light illuminates, and an irreversible photo-expansion, which 
persists even after irradiation ceases, were identified. The present experiments used a 
unique sample cell to enable neutron measurements simultaneous with optical irradiation. 
Because a full neutron reflectivity scan requires 8-12 hours, it was not possible to fully 
characterize the material state during irradiation using this technique. However, the 
present sample cell enabled us to measure at particular values of the momentum transfer, 
qz, during irradiation. 12 Consistent with the ellipsometry data, a shift in reflectivity is 
observed when the laser light was active, indicating sorne amount of physical change. 
With both techniques, it was observed that this small reversible photo-expansion was 
superimposed on top of a larger light-induced expansion that did not relax after the 
irradiation ceased. The irrevenible photo-expansion was readily probed by neutron 
reflectometry by measuring a thln film before and after illumination. Because the sample 
cell enabled this to be performed without removing the sample, the instrument and 
sample alignment are identical for all the scans, thereby removing this ambiguity from 
data fitting. 
Figure 5.5a shows reflectivity curves for a thin azo-polymer film as it is irradiated 
with 488 nm laser light (circularly polarized, 38 mW/cm2) for progressively longer 
periods of time. The scans werl;: performed after the illumination light was deactivated 
and the material allowed to relax. The corresponding film profiles are shown below. As 
can be seen in Figure 5.5b, the neutron reflectivity data immediately confirms the 
ellipsometry data. The film thickness increases substantially with irradiation, and a 
corresponding decrease in the film density is also recorded. By integrating the area 
beneath the SLD profile, we confirmed that mass is conserved in the photo-expansion 
process. The extent of expansion is shown in Figure 5.5c, where it can be seen that the 
thin film expansion saturates to ~ 17% after ~8 hours irradiation. In the previous 
ellipsometry work, irradiation times were more modest and the extent of expansion was 
correspondingly smaller, and consistent with the neutron data. The SLD profiles also 
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enable us to analyze this photomechanical phenomenon as a function of depth into the 
film. Because the azobenzene chromophore is a strong absorber (extinction coefficient 
&488nm = 5.30,um-l), the intensity of laser light decreases exponentially as the beam 
travels through the film. This creates a light intensity gradient inside the material. 
Because the experiments were performed on polished silicon substrates, the incident 
beam will be reflected and travel through the material a second time. For the films 
considered here, the intensity of laser light at the substrate is -40% lower than at the film 
surface. The film profiles ShOWl in Figure 5.5b indicate that the surface region, where 
light intensity is greater, expands preferentially. For the -30 minute illumination, the 
density of the surface region has decreased compared to the initial value, whereas the 
bulk of the film has not changed. With greater irradiation time, the entire film becomes 
photo-expanded in a nearly uniform way. This demonstrates that there is a power 
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Figure 5.5: (a) Neutron reflectivity data (open symbols) and corresponding fits 
(solid lines) for a thin azo-polymer film irradiated at room temperature with 38 
m W /cm2 laser light for progressively longer periods of time. The total irradiation 
time for the curves (going trom top to bottom) is 0 hours, 0.4 hours, 2.5 hours, 
and 7.9 hours. (b) The assoeiated SLD profiles c1early show that the thin film is 
expanding with increased irradiation. (c) The total change in film thickness 
saturates with irradiation time. 
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dependence to the photo-expans ton, but also proves that the entire film is able to expand 
with sufficient irradiation time and/or power. 
5.4.3 Photo-contraction 
A unique material response was discovered here for thin films of azo-polymer 
irradiated at elevated temperatures. In Figure 5.6a, reflectivity curves are shown for a thin 
film held at 85°C, before (upper curve) and after (lower curve) irradiation with 62 
mW/cm2• The film SLD profile~" corresponding to the fits, are shown in Figure 5.6b. At 
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Figure 5.6: (a) Neutron reflectivity data (open symbols) and corresponding fits 
(solid lines) for a thin azo-polymer film held at 85°C. The upper curve is before 
laser illumination, and the lower curve is after 2 hours irradiation with 62 
mW/cm2 laser light. (b) The SLD profiles show clearly that irradiation at this 
temperature leads to a phot'J-contraction (black curve before, grey curve after) , 
with decrease in film thickm:ss and a corresponding increase in film density. 
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this temperature, the laser irradiction has generated a significant photo-contraction, rather 
than the photo-expansion establi~hed at room temperature (25°C). By integrating the area 
under the SLD profile, we can again confirm that this is a mass-conserving 
transformation. The neutron refhctivity data provide a sensitive probe of density, and in 
this case indicate that the material has become denser than the usual bulk value (~0.02 
g/cm3 denser near the center ofthe film). This densification is likely due to reorganization 
of the azobenzene chromophores, with the azo groups undergoing dipole pairing and 
aromatic stacking. 
This photo-contraction e1Iect was observed in a wide variety of samples. In Figure 
5.7, data is presented for a thin film held at 80°C, as it is irradiated with laser light 
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Figure 5.7: (a) Neutron reflectivity data (open symbols) and corresponding fits 
(solid lines) for a thin azo··polymer film held at 80°C, and irradiated with 62 
mW/cm2 laser light for progressively longer periods oftime. The total irradiation 
time for the curves (going irom top to bottom) is 0 hours, 0.5 hours, 1 hour, 2 
hours, and 4 hours. (b) The corresponding SLD profiles show film contraction and 
associated densification. (c) The photo-contraction scales with irradiation time. 
Note that the final data point (12 hour irradiation) was obtained from a different 
azo-sample. For this long-time irradiation at elevated temperature, sorne amount 
of materialloss from the film was detected. 
500 
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(circularly polarized, 62 mW/cm2) for progressively longer periods of time. Again a 
mass-conserving photo-contraction effect is observed, that becomes larger in magnitude 
as irradiation time proceeds. Note that although mass was conserved for most irradiation 
times (integrated area under the SLD profile deviates from the initial value by <1 %), for 
extremely long irradiation times at elevated temperatures (notably 12 hour irradiation at 
80°C) there is a measurable (~4%) decrease in the integrated SLD area. Since these films 
were annealed (at 110°C) before measurement, and because this effect only appears with 
irradiation, it is likely related ta sorne form of photo-initiated cleavage of the azo bond, 
with subsequent thermal release of the cleavage products. This is entirely consistent with 
the usual optical observation of color loss seen for azo films subjected to extreme 
conditions. For this reason, the irradiation times were kept below these extreme levels for 
aH other experiments. The film profiles shown in Figure 5.7b do not show any evidence 
for preferential contraction near the surface of the film or the substrate. The densification 
appears throughout the material in a uniform way. Figure 5.7c shows that substantial 
amounts of photo-contraction (~15%) can be obtained with a few hours of irradiation. 
5.4.4 Photomechanicéll Effect 
The observed photo-expansion and photo-contraction can be viewed as two 
manifestations of a photomechanical phenomenon in azo-polymer systems. Figure 5.8 
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Figure 5.8: Magnitude of tbe photomechanical effect (photo-expansion or photo-
contraction) as a function of the temperature at which irradiation takes place. The 
relative change in film thiclmess is shown, based on a variety of thin films aH 
irradiated with 62 mW/cm2 of 488 nm circularly polarized light for 2 hours. A 
crossover from photo-expam;ion to photo-contraction occurs at ~50°C. 
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shows the photomechanical response (expansion or contraction) of azo films irradiation 
for 2 hours with 62 mW/cm2 la~er light. A photo-expansion effect is observed at lower 
temperatures, whereas a distinct photo-contraction occurs at sufficient temperature. The 
steady change in response (with a crossover at -50°C) suggests a competition between 
two effects. At low temperatures, the azobenzene molecular isomerization forces 
expansion of the local polymer network, in order to accommodate the free volume 
requirements of the azo isomenzation. Larger-scale motion in the polymer network is, 
however, impossible, and the resultant expanded state is frozen in. While the azo 
chromophores are somewhat mobile within their respective free volume pockets, larger 
scale migration of the chromophores is not possible. As temperature is increased, the 
higher polymer mobility allows for relaxations in the network that counteract the 
expansion effect (as discussed hter, the thermal expansion coefficient of the material is 
negligible). At sufficient temperatures (above -50°C), the combined effect of photo-
induced motion and thermal motion enables the chromophores to move within the 
polymer matrix, aggregate, and form a denser contracted state. Figure 5.9 shows a 
molecular modeling study of two azobenzene polymer chains. As can be seen, the low-
energy state occurs when the azo chromophore dipoles are aligned and undergo aromatic 
stacking. This azo dipole association is well established in the liquid crystal literature, 
Figure 5.9: Molecular mode! of two chains of the azo-polymer pdrla (generated 
using the Amber Force Field method from the HyperChem 6.0, Hypercube Inc. 
software). The aromatic stacking and interdigitation of the azo chromophore side 
groups (seen in the center of the image) is likely the origin of the denser photo-
contracted state. 
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although this crystalline state is not typically accessible to amorphous polymers. Based 
on our present results, it appears that irradiation with light at elevated temperatures 
enables the azo chromophores to reorient and overcome an energy barrier, such that they 
aggregate and crystallize. It should be noted that this photo-induced aggregation is 
occurring weIl below the material's glass-to-rubber transition temperature (Tg). Similar 
behavior has been observed in the azo system for other types of photo-motions, such as 
photo-orientation and surface patteming, which are both readily initiated below Tg. 
Figure 5.10 shows reflectivity data for different types of thermal treatment. The 
upper two curves represent a thin film held at 25°C (uppermost curve), and the same film 
after thermal ramping to 80°C (second curve). The two curves are identical (and can be fit 
with the same film model), dem:mstrating that thermal treatment alone does not give rise 
to any measurable change in film thickness or density. Thus the physical changes being 
observed here are due to the azobenzene isomerization, and not merely annealing. The 
denser photo-contracted state is not achieved with heat treatment alone, which suggests 
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Figure 5.10: Analysis of the thermal component of photomechanical changes. 
The upper two curves are a thin film measured at room temperature (upper curve) 
and again at 80°C. The two eurves are identical (and are described using the same 
model data), showing that thermal treatment alone does not give rise to any 
material changes. The third curve corresponds to a thin film before irradiation 
(25°C), and the fourth cune shows the same sample after photo-expansion (2 
hours irradiation, 38 mW/cm2) at 25°C. The final curve shows the same film 
heated to 80°C, where a contraction effect is observed without laser illumination. 
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that photo-induced alignment is required in sorne way. It is likely that photo-orientation 
generates seed crystals, which can then be thermally annealed and grown into a higher-
density state. The lower three curves in Figure 5.10 show a thin film that has been 
irradiated with 38 mW/cm2 at room temperature (which leads to an expansion) and 
subsequently heated to 80°e. This purely thermal treatment step has evidently caused the 
thin film to contract. This effect is not merely a reversaI of the expanded state: with 
sufficient thermal treatment, various films were found to thermally contract to astate 
thinner than the original film thickness. This was only observed, however, in films that 
had been irradiated with laser light. This effect was also se en by ellipsometry, where, for 
instance, an irradiated thin film annealed above Tg was found to be -3.5% thinner than 
the original film thickness. 
The formation of a denser state with combined heat and light treatment has also 
been seen in the formation of surface relief gratings (SRGS).20,21 In that work, a stable 
surface pattern was generated at room temperature and then thermally erased. During this 
heat treatment, a density grating, coincident with the original SRG but buried beneath the 
surface of the material, was found to form. This indicates that light treatment generates 
sorne form of seeding crystals that can then be thermally annealed into a higher-density 
semi-crystalline state. Similarly, we have observed that photo-irradiation (which certainly 
induces sorne measure of chromophore orientation) seeds the material, such that 
subsequent thermal treatment induces contraction and densification. 
5.4.5 Thermal Consid~~rations 
An experiment was performed where the azo film was irradiated using a 15 
mW/cm2 broadband incoherent light source. In this case the neutron reflectivity curve 
showed no appreciable differmce before, during, or after irradiation. Furthermore, 
samples that had been irradiated to the point of being photo-bleached (which involves 
destruction of the azo bond) became unresponsive to laser illumination. Previous 
calculations22 also allow us to llt~glect photo-heating effects. Given the present irradiation 
conditions, a temperature rise of only a few degrees would be expected. For the samples 
held at elevated temperatures, the changes in film density are again directly related to 
laser irradiation of the azo material. Merely changing the sample temperature caused 
essentially no change in the reflectivity curve (relative thickness difference <0.4%). The 
152 
thermal expansion of the thin film can also be neglected, since it is orders of magnitude 
smaller than the observed effect (the thermal expansion coefficient of a polymer is 
typically <10-5 K-1). It is thus c1ear that the observed changes are due to laser 
illumination, and not merely sample heating. Moreover, it is c1ear that the effects are 
related to the azobenzene chromophore and its molecular isomerization. 
5.4.6 Other Variables 
The photomechanical effects are sensitive to laser power for short irradiation 
times. However for the long irradiation times considered here (>30 minutes), it was found 
that the extent of thickness ct.ange was not strongly related to irradiation intensity, 
whereas it was sensitive to the irradiation time. This indicates that for the powers 
considered here (>30 mW/cm2), the material response is saturated, and the process of 
expansion or densification is limited not by isomerization frequency or efficiency, but by 
the reorganization of the azo sicle-groups, and motion of polymer chains in the material. 
The photomechanical effects were observed in all thin azo films studied, across the 
thickness range from 200 A to 600 A. The relative amount of photo-expansion and photo-
contraction, after 2 hours irradiG-tion, was not found to depend on film thickness. Instead 
it again appears that the studied irradiation power (>30 mW/cm2) is sufficient to fully 
expand films in this thickness range. It should be noted that in the previous ellipsometry 
study,l1 the photo-expansion was sensitive to both irradiation power and film thickness. 
However the irradiation times in that study were considerably shorter, and it is like1y that 
the entire film volume was not undergoing saturated photomechanical change. For the 
longer irradiation time and relatively high irradiation power considered here, a saturated 
response is measured. 
The observed photomechanical effects appear to be general to azo polymers. A 
similar extent of photo-expansion was measured with thin films of poly( disperse red 13 
acrylate) (pdr13a). This polymer is similar to pdrla, except that it has a Cl substituent at 
the 2' position of aromatic ring. Given that the azobenzene's other unique motions (such 
as photo-orientation and surface mass transport) are quite general and appear in nearly all 
samples, these photomechanical effects are likely present in all azo-polymer systems. In 
fact, a large number of the unm,ual photo-motions observed in azo systems are probably 
re1ated to this photomechanical effect. For instance, the macroscopic bending and 
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unbending of liquid crystalline azo films8,9 may be a manifestation of the photo-
contraction effects described he~e. The free surface of these films contracts to a greater 
extent than the bulk (since the light intensity is higher at the surface, owing to sample 
absorption), and this gradient in contraction leads to macroscopic deformation. It appears 
to be a general trend that liquid crystalline azo samples will photo-contract with 
irradiation, rather than photo-expand as amorphous systems tend tO.7,23 This is likely 
occurring because the liquid crystalline samples, being highly mobile, are above the 
expansion-to-contraction crossover temperature even at room temperature. It is possible 
that these samples, if cooled sufficiently, will exhibit photo-expansion behavior instead. 
For typical amorphous polymers well below Tg, the molecular mobility is arrested and 
photo-contraction effects cannot occur. Instead, the frustrated azo motion leads to 
deformation of the polymer matrix and a net expansion. 
5.4.7 Linear Polarization 
The effect of incident laser polarization was also studied. Figure 5.11 shows an 
example ofa thin film irradiated with 38 mW/cm2 at 25°C, and a thin film irradiated with 
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Figure 5.11: Effect of irradiating azo films with linearly polarized light. The 
upper two curves represent a thin film before (upper curve) and after (second 
curve) irradiation at 25°C. The bottom two curves represent a thin film before 
(third curve) and after (final curve) irradiation at 80°C. The effects are identical to 
those measured with circularly polarized light, where photo-expansion occurs at 
room temperature, whereas photo-contraction occurs at elevated temperatures. 
154 
62 mW/cm2 at 80°C, for 2 hours. In both cases, the thin films respond similarly to 
irradiation with circularly polarized light. That is, the thin film at 25°C photo-expanded 
by 10%, whereas the film at 80°C photo-contracted by 8%. Although the photo-
contraction phenomenon is atl:ributed to photo-alignment, irradiation with linearly 
polarized light (which typically induces greater ordering and alignment) did not increase 
the magnitude of the contraction effect. This may be because photo-orientation 
necessarily decreases the fraction of azo chromophores undergoing isomerization (since 
they are no longer addressed by the incident light), which would tend to decrease the 
photo-motion required for photomechanical effects. It is also worth noting, however, that 
the final amount of photo-orientation is quite small. Using the thickness measured with 
neutron reflectivity, one can fit optical reflectivity reliably to determine the three 
orthogonal components of the refractive index (nx , ny, nz). Figure 5.12 compares the 
optical reflectivity data for a thin film photo-contracted using circularly polarized light 
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Figure 5.12: Optical reflectivity data (solid black lines) and associated model fits 
(thin gray lines) for azo-polymer films after photo-contraction. The model fits 
were obtained using the thiclmess from neutron reflectivity, and allowing the three 
orthogonal refractive indiœs to vary. In both the case of a sample photo-
contracted with circularly polarized light (a) and linearly polarized light (b) the 
final sample is isotropic. 
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compared to linearly polarized light. In both cases, the data are well described by 
assuming only an isotropic refractive index (nx = ny = nz). Thus the higher-density azo 
crystallites have an isotropic orientational distribution. We attempted to directly detect 
the azo crystallites by using the neutron spectrometer's triple-axis mode, and scanning for 
Bragg peaks arising from the azo crystal spacing. Although the Bragg peak due to the 
Silicon substrate was detected, no peaks due to the azo film were detected in films 
irradiated with either circularly or linearly polarized light. Detection of Bragg peaks in 
the selected geometry would require that the azo crystals be oriented with their spacing 
normal to the sample surface. The lack of a Bragg peak could be due to the formation of a 
single azo crystal that is not within the selected scattering plane. However the more like1y 
explanation is that the azo crystallites are oriented randomly (i.e. the sample is 
polycrystalline), and the Bragg peak intensity is therefore too weak to be detected. Future 
experiments using powder diffraction on a sufficient sample volume might be able to 
detect the crystals. 
5.4.8 Reversibility 
The photomechanical effect studied here appears to be partially reversible. For 
thin films photo-expanded ü room temperature, photo-contraction at elevated 
temperatures was thereafter possible. For instance, an initial 545 A film was photo-
expanded (2 hours at 38 mW/crn2) by 11% at 25°C. A subsequent irradiation at 80°C (2 
hours at 38 mW/cm2) caused a contraction to astate 5% thinner than the original film 
thickness. The photo-contracted state persists regardless of thermal treatment, including 
annealing above the polymer 1~. In fact, any thermal treatment step (after irradiation) 
leads to further material densification (up to a certain saturation limit). However the 
photo-contracted state can evid!:ntly be partially reversed by irradiating again below the 
crossover temperature. For instance, an initially 395 A film was photo-contracted at 85°C 
(2 hours at 62 mW/cm2) to astate 7% thinner than the original film, then further photo-
contracted at 110°C (2 hours at 62 mW/cm2) to astate 15% thinner than the original film. 
This film was then irradiated at 25°C (2 hours at 62 mW/cm2), where it photo-expanded 
to astate 2% thicker than the original film. Thus irradiation can be used to reverse the 
contracted state to sorne extent, although the efficiency of the process appears reduced. It 
is not known whether greater ir~adiation time or power could be used to expand the film 
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to the -17% saturation limit. Again it appears that at low temperature the matrix cannot 
relax and reorganize. The azo isomerization breaks the dipole pairing, creating free 
volume pockets, and expanding the polymer matrix. However the material cannot relax 
back into a densified state without the addition of sorne thermal mobility. 
5.5. Conclusions 
Using neutron reflectoffii~try, we have identified two competing photomechanical 
effects in azo polymer systems: IJne that causes expansion of the polymer matrix, and one 
that induces contraction of the material. We are able to measure the expansion and 
contraction effects unambiguously, since neutron reflectometry probes the physical 
density rather than the optical refractive index (which may be anisotropic and time-
varying). Temperature can be used to alter the relative importance of the two 
photomechanical effects, switchmg from photo-expansion behavior below a characteristic 
crossover temperature, to photo-contraction behavior above this temperature. Both effects 
(expansion and contraction) are stable over time, although they can be reversed with 
subsequent light irradiation steps. We attribute the photo-expansion to the azobenzene 
molecular isomerization, which requires a certain free volume to proceed, and thereby 
induces a local pressure in the material. The polymer matrix then expands to 
accommodate this molecular motion, but cannot relax at low temperature. We attribute 
the photo-contraction to the formation of seed crystals due to photo-orientation; that is, 
pairing and aggregation of the azo dipoles, which are able to crystallize and thereby 
increase material density. This photo-motion and relaxation of the polymer matrix is only 
possible when the combined e[fects of light-induced and thermally-enabled motion 
reaches a critical value. For the materials studied here, this crossover temperature is 
-50oe. 
With regard to applications, such as photo-actuation, the identified 
photomechanical effect off ers sorne unique features. With the addition of localized 
temperature control (which could also be laser-based), the range of motion is quite large: 
from -15% to + 15%. The phütomechanical transformations have both reversible and 
irreversible aspects, which can each be exploited as required by device characteristics 
(two-state values or reversible actuation). Importantly, by using light one may actuate a 
device remotely and without other energy requirements. 
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Given that nearly all the photo-motions discovered for azo materials are general 
(occurring in aIl cases where photo-isomerization occurs) , it is likely that this 
photomechanical phenomenon ü: present in most azobenzene systems. In fact, it may very 
well be that numerous effects ohserved with azos can in fact be explained in the context 
of this photomechanical effect. For instance, the macroscopic bending of freestanding 
liquid crystalline azo films was atlributed to contraction at the film surface.8,9 That these 
materials photo-contract at room temperature is consistent with the present findings, 
given that the highly mobile liquid crystalline systems probably have a low crossover 
temperature, and thus are in the photo-contraction regime at room temperature. Similarly, 
findings that showed that a liquid crystalline and a similar amorphous system had 
opposite macroscopic expansion/contraction behavior7 can be attributed to a difference in 
crossover temperature. Accordlng to this explanation, the liquid crystalline samples 
should exhibit photo-expansionlf cooled sufficiently. 
Importantly, the present results identify that the photomechanical effect is 
localized and occurs in nanometer-sized samples. This thus links the macroscopic 
observations of photomechanical phenomenon, to the microscopic photo-motions that 
have been characterized in aZD materials. In particular, the all-optical formation of 
surface relief structures that occurs when azo materials are irradiated with light gradients 
may in fact be due to the photomechanical effect. Spatial variation of light intensity 
would generate an internaI stress distribution in the material (owing to a gradient in 
expansion/contraction effects), which would then drive material motion. This is 
essentially equivalent to the iscmerization-pressure model already presented to account 
for azo surface patterning,24,25 with now the inclusion of a microscopic explanation for 
the driving force. 
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Chapter 6 
Photomechanical Surface Patterning in Azo-Polymer 
Materials 
The last chapter discussed the use of neutron reflectometry to identify and 
characterize new photomechanical effects in azo-polymers. These effects represent a 
fundamental photo-physical effi:ct that gives rise to material motion over considerable 
length-scales. It is thus natural to investigate them as the driving force for surface 
patterning in these systems. This chapter presents a set of experiments chosen to 
demonstrate a correspondence between the photomechanical effect, and the surface 
patterning. In particular, the same material used for the neutron reflectometry study is 
photo-patterned in a localized way, which enables the direction of material motion to be 
imaged by AFM. These surface expansion/contraction results compare favorably to the 
photomechanical effects described in the last chapter. In particular, surface patterning is 
shown to invert from photo-expansion to photo-contraction at the same crossover 
temperature as identified for the photomechanical effect. AFM nano-indentation 
experiments are also presented to discount photo-softening effects during patterning. This 
chapter therefore argues that the photomechanical effect is the driving force for surface 
patterning, and moreover show~, how this supposition can explain a variety of literature 
results. 
6.1. Abstract 
The elastic modulus of an azobenzene-polymer thin film is measured before and 
during laser irradiation using AFM indentation experiments. It is found that there is no 
significant change in elastic modulus with laser illumination, indicating that photo-
softening can be neglected in these systems. In particular, this eliminates mechanisms 
that require photo-softening as candidate explanations for azo surface patterning. AFM 
measurements of patterning in azo-polymer thin films, irradiated at various temperatures, 
are compared to recent neutron reflectometry measurements of photomechanical effects 
in the same material. The magnitude and sign of the patterning exactly matches the 
literature trend for photomechanical effects. This represents the first report of measuring 
both photo-expanded and photo-contracted surface patterns in the same material, at 
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different temperatures. These re~iUlts are interpreted to mean that the unexplained surface 
mass transport phenomenon ob~erved in the azobenzene system is in fact due to this 
newly identified photomechanieal effect. Previous patterning results are discussed in 
terms of this explanation, and it is shown that the photomechanical effect can explain the 
vast majority of the literature results to date. 
6.2. Introduction 
Azobenzene chromophores exhibit a wide variety of photo-physical and photo-
switching effects. 1,2 The azo unit undergoes an efficient photo-induced isomerization 
between its trans and cis geometric isomers. This c1ean photochemistry gives rise to a 
variety of unique photo-switching and photomechanical effects. For instance, the material 
can be photo-oriented with polarized light (which induces birefringence), or thin films 
can be induced to macroscopically bend or unbend3 (which has also been used to generate 
macroscopic locomotion4). The azobenzene unit is typically incorporated into a polymer 
system, whether amorphous or liquid crystalline, to improve processability and photo-
physical stability. In 1995, a remarkable effect was discovered in the azo-polymer 
materials.5,6 Specifically, when the material was irradiated with two coherent laser beams 
(which generate a sinusoidally yarying light pattern at the sample surface), the materials 
spontaneously deformed so as to generate a sinusoidal Surface Relief Grating (SRG). An 
AFM image of a typical SRG is shown in Figure 6.1. This single-step all-optical surface 
patterning was found to be revt:rsible, as the original film thickness could be recovered 
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Figure 6.1: Atomic force micrograph of a surface relief grating (SRG) inscribed 
on an azo-polymer film by ilfadiating with a sinuisoidallight pattern. 
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upon heating the material past its glass-to-rubber transition temperature (Tg). Thus the 
process represents polymer m~tion over length-scales of hundreds of nanometers, 
occurring readily at temperatures weIl below Tg. The facile patterning is a general 
phenomenon, with any incident light intensity and/or polarization pattern converted into a 
topography pattern. Various mechanisms have been proposed to explain the effect, 
although each has certain shortcomings. Thermal mechanisms have been discounted 
based on modeling of the temperature gradient during irradiation.7 Gradient electric force 
mechanisms8 naturally inc1ude the polarization dependence, but the predicted force 
density is too small.9 An asyrrmetric diffusion model10,11 was formulated, but would 
seem to imply that the process would be most efficient for small-molecule materials, 
whereas in practice relatively hi.sh molecular weight polymers can be photo-patterned. A 
mean-field mode112,13 predicts the correct phase behavior for liquid-crystalline systems, 
but not for amorphous polymen:. A proposed isomerization pressure model14,15 does not 
naturally inc1ude the polarization dependence of the patterning. A fundamental 
shortcoming of aIl presented explanations is that they cannot account for the phase 
relationship between the incident light field and the resultant patterning. In particular, aIl 
the models presented to date prl;:dict one phase relationship or the other (either material 
accumulates in the illuminated regions or in the dark regions), whereas experimentally 
both are observed in different systems. As a general rule, amorphous systems exhibit a 
'common' phase relationship (material accumulates in the dark regions of an incident 
light pattern) whereas the liquid crystalline azo systems exhibit an 'inverted' phase 
relationship (material accumulation in the illuminated regions).16 Sorne mechanisms 
imply that a form of photo-soft(ming must be occurring during laser irradiation, in order 
to explain the material motion weIl below the glass-transition temperature. For instance, 
viscoelastic modeling assumed that the modulus decreased by three orders-of-magnitude 
during irradiation.9 Thus, despite active research, the fundamental nature of the driving 
force remains unresolved. 17 
Recently, photo-expansion m thin films of azo-polymer was measured using 
ellipsometry.18 The material was found to exp and during laser illumination, with a large 
irreversible component that persists after illumination ceases, and a smaller reversible 
component that exists only wh:.le the irradiating beam is active. This photomechanical 
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effect was found to be directly related to the isomerization of the azo chromophores. A 
subsequent neutron reflectometry study analyzed this effect in more detail. 19 In addition 
to unambiguously confirming the photo-expansion of azo materials during light 
irradiation at room temperature, it was discovered that at elevated temperatures (above a 
distinct crossover at ~50°C), the material instead contracted and became more dense 
when irradiated with laser light. The trend of this photomechanical effect (changing from 
expansion at low temperature to contraction at high temperature) is shown in Figure 6.2, 
and suggests a competition between two driving forces. At low temperature, the free 
volume requirement of the azobenzene isomerization induces a pressure on the polymer 
matrix and a subsequent expansion of the material. At these low temperatures, the 
polymer matrix cannot relax and the modification is persistent. Above the crossover 
temperature, however, the combination of photo-induced motion and thermally-enabled 
motion are sufficient to allow the azo chromophores to migrate, aggregate, and eventually 
crystallize into higher-density states. 
In this paper, we descLbe AFM measurements of the elastic modulus of azo 
materials before and during laser irradiation. These measurements indicate that photo-
softening effects are quite small, which establishes a constraint on mechanisms proposed 
to explain surface mass patterning. We propose here that the photomechanical effect 
observed during homogeneous irradiation of azo films is the fundamental driving force 
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Figure 6.2: Relative film tbickness (expansion or contraction) for thin azo films 
after irradiation with homogeneous laser light, as measured using neutron 
reflectometry. Below a crossover temperature (~50°C for this material) the film 
photo-expands, whereas above the crossover, samples photo-contract instead. 
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for mass transport observed when the same materials are irradiated with light gradients. 
In order to criticaUy test this the ory, we conducted photo-patterning experiments through 
a transmission mask, at various sample temperatures. The trend of the photo-patterning, 
including both amplitude and sign, precisely matches the photomechanical trend. 
Moreover the proposed patterning mechanism, with the exclusion of photo-softening, can 
be used to explain a variety of results in the azo-patterning literature, that previously 
appeared contradictory. 
6.3. Experimental 
6.3. 1 Sample Prepara.tion 
The azo-polymer material, poly(disperse red 1 acrylate) (pdrla) was synthesized 
as previously reported.20 Sampll~s for patterning were prepared by spin-coating the azo-
polymer solutions (pdrla in anhydrous THF solvent) onto cleaned glass microscope 
slides. The spin-coater acceleration was 1260 rpmls, with a final velo city of 1300 rpm 
maintained for 35 s. Thin films were annealed in a vacuum oyen at 110°C for 8 hours to 
remove any residual solvent or flow-induced orientation. Film thickness was measured by 
imaging a scratch in the thin film by AFM. 
6.3.2 AFM Modulus Measurements 
The elastic modulus of azo-polymer films was measured using AFM in force-
distance mode (Nanoscope 3A, Digital Instruments), and applying a data analysis method 
already described in the litera1ure.21 ,22 Measurements were performed in a fluid ceU 
(fiUed with ultrapure water) at room temperature, in order to reduce adhesion artifacts. 
Measurements were performed before and during irradiation from a 532 nm diode laser. 
The laser light was coupled into the glass substrate that the thin film was cast onto. 
InternaI reflections inside the glass substrate aUowed the light to exit the film and 
irradiate the probed area. Sucœssful irradiation of the probed region was confirmed 
visually, and by irradiating for a long period of time, after which significant photo-
patterning was observed in the vicinity of the AFM tip. The AFM cantilevers were SiN 
probes with nominal tip radius 20-60 nm, and a nominal spring constant of 0.12 N/m. AU 
the data reported in this paper were acquired using a single probe, thereby eliminating 
variability in the tip radius or spring constant. Although the inherent assumptions of tip 
165 
geometry and spring constant introduce an uncertainty into the reported modulus values, 
using a single tip enables us to draw robust relative conclusions. The indentation rate was 
0.2 Hz, and the indentation depth «30 nm) was always considerably smaller than the 
film thickness (~200 nm). A large number of force indentation curves were recovered, 
and analyzed using automated fitting software. Only those curves free of adhesion or 
other artifacts were automatically selected for further analysis. The final modulus values 
thereby obtained are spread across a certain range, owing to differences in the various 
indentation curves. A histogram of the results is thus used to analyze the statistical 
behavior. Each force curve is an:llyzed by extrapolating the linear non-contact region and 
the linear 'infinitely stiff regioll so as to identify the nonlinear elastic response region. 
This transition from the linear non-contact region to the nonlinear elastic response region 
is taken as the initial contact point. By assuming the AFM tip can be modeled as a sphere, 
the nonlinear region is fit to a fo~ce-distance equation of the form: 
F = 4EJR 8 3/ 2 
sphere 3(1- cr 2 ) (1) 
where Fis the measured force a!i a function of sample indentation Ô, (J is the Poisson ratio 
for the material (taken to be 0.5, typical for polymers), Ris the nominal tip radius, and E 
is the elastic modulus to be determined. Note that modeling the tip as a cone instead of a 
sphere provides a slightly different equation and thus modulus estimate. A cone model 
does not reproduce the data as faithfully as the selected sphere model, but in any case 
would not alter the relative conclusion being drawn from the force-distance data in this 
paper. 
6.3.3 Neutron Reflectometry 
The neutron reflectomt:try measurements are described in detail in another 
publication. 19 The samples were held in a custom-built cell that enables neutron 
measurements simultaneous with optical irradiation.23 The cell further allows control of 
sample environment, including ambient atmosphere and temperature. The presented 
photomechanical data was obtüned for thin films maintained at various temperatures, 
under vacuum, and are based en comparison of the reflectivity curves before and after 
irradiation at those temperatures. 
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6.3.4 Transmission Mask Patterning 
A single film of pdrla (330 nm thick) was cut into small segments for the 
patterning experiment. The sample was placed inside a heating stage with optical 
windows on the front and back (INSTEC HCS302), driven by a temperature controller 
(INSTEC STC200). Good thernlal exchange between the sample and the heating block 
was insured using metal contaGt spacers. A transmission mask (VECO 0400-Copper 
TEM grid, pitch 63 /lm, hole size 30 pm) was secured 10 /lm above the sample surface. 
Irradiation took place for 2 hours at 40 mW/cm2, using the circularly-polarized beam 
from a water-cooled Argon-ion laser (Coherent Innova 308) tuned to 488 nm. The film 
surface patterns were then imaged using AFM (Asylum MFP-3D in tapping mode). 
a) 1.0 
0.8 ~ o 
z 
.s 0.6 
Ql 
~ 0.4 0 
LL 
0.2 
0.0 
0 10 20 30 
Indentation (nm) 
b) 20 
15 
.l!l 
c: 10 ::J 
0 
ü 
5 
0 
0 200 400 600 800 1000 
rv'odulus (kPa) 
Figure 6.3: (a) Typical foree-distance curve obtained by indenting an AFM tip 
into an azo-polymer thin film. The open circ1es are the experimental data, and the 
black line a fit to the data. The sharp rise in the later part of the curve represents 
the 'infinitely stiff response of the sample/substrate and is not considered in the 
analysis. (b) Histogram of AFM modulus events, based on the fits to the force-
distance data. Measurements without laser irradiation (black bars) and during 
irradiation with a 532 nrn diode laser (white bars) are shown. The two 
distributions are not significantly different, indicating that photo-softening is a 
limited effect. 
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6.3.5 Surface Relief Gratings 
Surface relief gratings were formed by securing a sample inside the heating stage, 
and placing it adjacent to a laser-quality mirror. An expanded laser beam was used to 
illuminate both the sample and the mirror, such that the mirror reflection would interfere 
with the incident beam at the sample surface. The incident laser power was 40 mW/cm2, 
and the beam was circularlY'·polarized. Thus the sample surface experiences an 
interference between right-handed and left-handed circular light, which results in the 
formation of a high-efficiency SRG at room temperature. The inscription angle was 20°. 
6.4. Results 
6.4. 1 Photo-softening 
Figure 6.1 shows a surface relief grating (SRG) formed by irradiating an azo-
polymer film with a sinusoidally varying light intensity pattern. This well-established 
surface-patteming phenomenon still lacks a satisfactory explanation, despite extensive 
research. In an attempt to identify the origin of this patteming, we undertook a series of 
atomic force microscopy measurements. The all-opticai patteming of azo films can occur 
with high efficiency weIl below the material 's glass-transition temperature (Tg). Polymer 
motion is generally completely hindered below Tg, and it therefore often suggested that 
patteming involves sorne sort of 'photo-plasticization' or 'photo-softening' whereby the 
azobenzene molecular isomerization substantially decreases the elastic modulus of the 
host polymer network, thereby enabling a comparatively small molecular force to drive 
patteming. Recent literature reports of the change in modulus, measured by quartz crystal 
microbalance24 and electromechanical spectroscopy,25,26 however, show quite mode st 
«10%) decrease in bulk elastic modulus. We investigated this phenomenon by 
performing AFM force-distance measurements, which allow one to deduce the elastic 
properties of thin films by performing nano-indentation (a typical curve is shown in 
Figure 6.3a). By fitting the shape of many indentation and retraction curves, a range of 
modulus values were ca1culated, which is depicted as a histogram Figure 6.3b. From this 
distribution, we calculate that the average modulus of the film is 219±70 kPa before 
irradiation, whereas it is 336±62 kPa during irradiation. From both this average and the 
overall distribution, we conc1ude that there is no statistically significant difference 
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between the two cases. Thus, cOlsistent with the other studies, there appears not to be an 
orders-of-magnitude decrease in the modulus. We confirmed that we were in fact 
irradiating the sample volume probed by the AFM by leaving the irradiating light active 
for a long period of time, after which AFM topography measurements showed significant 
photo-patteming in the vicinity of the AFM tip. It should be noted, however, that the 
timescale of these modulus mea:mrements (seconds) is smaller than the typical timescale 
for material motion (minutes). The lack of substantial photo-softening indicates that the 
material motion does not involve a decrease in the bulk elastic properties of the material. 
Instead, it relies upon localized, molecular scale rearrangements. Evidently the 
azobenzene isomerization induces a sufficient molecular pressure to distort the polymer 
matrix locally, rather than softening the bulk matrix substantially. This helps explain why 
the observed photo-expansion and surface patteming persist at room temperature: the 
polymer matrix is still rigid and cannot relax. These results also eliminate any model that 
relies upon significant photo-softening to explain mass transport. 
6.4.2 Temperature Dependence of Pafterning 
Our recent work using dlipsometry18 and neutron reflectometry19 has identified 
two competing photomechanical effects in azobenzene materials. Thin films of azo-
polymer were irradiated homoglmeously with laser light at a wavelength close the azo's 
absorption maximum. Below a characteristic crossover temperature, the material 
exhibited photo-expansion behavior, whereas above this temperature, the same material 
instead photo-contracted. The t:xpansion can be attributed to molecular isomerization, 
which induces a molecular pressure on the surrounding polymer matrix, forcing it to 
expand. Since the polymer matrix cannot relax at low temperature, the expansion remains 
fixed. At a certain temperature, however, the combination of light-induced motion and 
thermally-enabled motion is s'lfficient to allow the azobenzene dipoles to reorient, 
aggregate, and thereby crystallize into higher-density domains. The temperature 
dependence of the photomechanical effect, measured for thin films ofpoly(disperse red 1 
acrylate) (pdrla) is shown in Figure 6.2. As can be seen, a crossover from photo-
expansion to photo-contraction occurs at -50°C. The phenomenon was also found to 
occur in the azo-polymer pdr13a, and it is likely that it is a generic effect that occurs in all 
azo materials. It should also be 110ted that this effect, which involves a large-scale change 
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in material dimensions and den~;ity, occurs weH below the glass-transition temperature, 
and apparently without the aid of photo-softening. 
These neutron reflectornetry measurements prompted us to similarly study the 
temperature dependence of surface patteming in azo materials. The previous study 
measured expansion and contraction effects that occurred when the films were 
homogeneously irradiated with laser light. However the photomechanical effect is clearly 
localized, as it occurs readily in thin films ev en 20 nm thick. It is thus natural to consider 
the connection between these photomechanical motions, and the surface mass transport 
patteming well documented in the azo system. To that end, we irradiated the same 
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Figure 6.4: Atomic force microscopy amplitude images (aH shown using the 
same vertical scale) of an aZi) surface irradiated through a mask with square holes. 
Irradiation was performed at 25°C, 40°C, 60°C, and 80°C. The central region in 
each image is rougher because it has become photo-pattemed by the incident laser 
light. The surrounding area was not irradiated with laser light. The black line 
through each figure refers to the cross-sections shown in Figure 5. 
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polymer material (pdrla) through a transmission grid, so that the photomechanical 
transformations would be spatially localized. Figure 6.4 shows atomic force micrographs 
of the resultant changes in topography when films held at various temperatures are 
irradiated. In each case, the thin film was irradiated for 2 hours using 40 mW/cm2 laser 
light at 488 nm. The amplitude images show clearly that the irradiated region (center 
square III the images) has bel;ome considerably rougher than the surrounding un-
irradiated polymer surface. Similar photo-induced roughening25 or spontaneous 
patteming27-29 has been observecl during homogeneous irradiation of related systems. It is 
likely due to surface patteming owing to the interference between the edge diffractions 
and the back-reflections from the substrate. Sorne amount of photo-roughening may also 
be caused by spontaneous buckling of the sample surface to relieve the stress caused by 
the photomechanical deformation (whether expansion or contraction) that is occurring. 
Figure 6.5 shows the root-meall-square (RMS) roughness of the corresponding height 
data for the irradiated regions. For comparison, the RMS roughness of the un-irradiated 
polymer surface is 15 nm. By comparing the data in Figure 6.2 to Figure 6.5, it is clear 
that the patteming observed by AFM follows the same temperature dependence as the 
photomechanical effect measured with neutron reflectometry. Specifically, the 
competition between the two effects causes the surface patteming to be inefficient near 
the crossover temperature (-soUe), whereas it becomes more efficient further from the 
crossover. 
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Figure 6.5: Root-mean-square (RMS) roughness inside the pattemed regions 
shown in Figure 3. For refer;:nce, the roughness of the surrounding (un-irradiated) 
film is 15 nm, and is shown using a dashed line. The RMS roughness can be used 
as a measure of patteming efficiency. The patteming is inefficient near the 
crossover temperature. 
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The height cross-sections (see Figure 6.6a) provide a more direct indication of 
nature of the surface patteming. At 25°C, the patteming c1early involves the formation of 
surface relief that is higher than the surrounding polymer materiaL This occurs because 
the irradiated film region is expanded relative to the un-irradiated materiaL At 40°C, the 
competition between the photo-expansion and photo-contraction effects makes the 
photomechanical response quite modest, and the surface patteming is correspondingly 
smaller, being the result of a small amount of photo-expansion. At 60°C, the surface 
patteming extends below the original film thickness. At 80°C, the effect is even more 
pronounced, with the patteming phenomenon c1early arising due to contraction of the 
material in the irradiated region. Thus for all temperatures a light-induced surface-
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Figure 6.6: (a) Atomic force microscopy height cross-sections, taken through the 
corresponding images shown in Figure 3. The sections have been offset vertically 
for c1arity. The gray horizontalline represents the nominal film height in each 
case. The vertical dashed lines for each section represent the approximate 
boundaries of the illuminated regions, as determined from the amplitude data in 
Figure 3. (b) By integrating the area under the curve in the pattemed region (and 
normalizing to the associated span), the magnitude and sign of the effect can be 
quantified. The patteming tr,;:nd, as a function of temperature, exactly matches the 
photomechanical trend seen in Figure 2. The error bars are based on a similar 
analysis performed on the un-irradiated film region. 
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patterning phenomenon is apparent. However the phase of the patterning is opposite on 
either side of the crossover temperature. The patterning analysis can be made more 
quantitative by integrating the area under the AFM height profiles (the curves are offset 
so that the un-irradiated film su~face corresponds to a height of zero). The trend of this 
value as a function of patterning temperature (see Figure 6.6b) exactly matches the 
photomechanical trend observed using neutron reflectometry (Figure 6.2). 
6.4.3 Photomechanical Mechanism 
Given the corresponden~e between the photomechanical data and the surface 
patterning data, we propose that the well-established surface mass transport phenomenon 
is in fact a manifestation of locdized photomechanical deformation. Specifically, a light 
intensity gradient will generate a corresponding photomechanical stress gradient inside 
the azo material, which will serve to drive the motion of polymer material. Below the 
crossover temperature, photo-expansion in the illuminated regions willlead to a positive 
pressure gradient. Above the cwssover temperature, photo-contraction in the illuminated 
regions willlead to a negative pressure and a phase-inverted version of the patterning. 
The existence of two patterning mechanisms, one phase inverted relative to the other, has 
been identified in the literature. The proposed below-crossover patterning mechanism is 
in fact well described by the isomerization pressure mechanism 14,15 described in the 
literature, and the related hydroclynamic mode1ing studies. The proposed above-crossover 
mechanism is essentially the same, with the inclusion of a phase-inverted stress pattern. It 
should also be noted that the proposed densification-based patterning, initiated by photo-
orientation, is similar to the mean-field modeI12,13 proposed in the literature. Thus the 
previously proposed isomerization pressure and mean-field models are limiting cases in 
the general framework of a pllOtomechanical mechanism. It is important to note that 
photomechanical effects measu~ed in azo systems, and now identified as the origin of 
surface-patterning, occur in theœ materials well be10w Tg, and without the aid of photo-
softening. 
In the literature, it has h~en found that liquid crystalline systems exhibit opposite 
expansion/contraction effects relative to a similar amorphous system.16,30 This is now 
easily explained with the photonechanical data, with the suggestion that liquid crystalline 
systems are, owing to their high mobility, above their crossover temperature even at room 
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temperature, and thus exhibit photo-contraction behavior. Similarly, the bending of 
freestanding liquid crystal films is due to photo-contraction.3 Amorphous systems, on the 
other hand, will typically exhibit an opposite photo-expansion behavior because they are 
below their crossover temperature. A similar argument can be made to explain the phase 
of surface relief patterning. Liquid crystalline systems have typically be seen to have the 
opposite phase behavior to amorphous systems. In LC systems, the material tends to 
accumulate in the irradiated reg lons, whereas in amorphous systems the material moves 
into the dark regions. This ca:l be explained in the context of a pressure gradient. 
Although homogeneous irradiation (or large-scale irradiation, as shown in Figure 6.4) 
causes net expansion of a material below the crossover temperature, a local gradient in 
expansion creates a stress gradient that moves material out of the region of high stress 
(irradiation). The opposite behavior would be seen for a small-scale negative stress 
gradient in a material above the crossover temperature. Here, the contraction occurring in 
illuminated regions would serve to draw in more material, causing an accumulation and 
corresponding depletion from nearby regions. Thus the phase-inverted patterning seen for 
sorne systems can be attributt:d entirely to the specific position of their crossover 
temperature. This enables us to also explain the rare cases where amorphous systems 
exhibit phase-inverted patterning,31 or where LC systems exhibit the usual patterning.32,33 
Similarly, the creation of phas,;:-inverted surface relief gratings when irradiating with 
extremely high laser power34 (>300 W/cm2) can be attributed to localized heating, which 
drives the material above the crossover temperature. From modeling studies,7 it is known 
that there is a modest «5 K) ctange in sample temperature for most irradiation powers. 
At high laser power, however, one can calculate that the sample temperature will increase 
considerably, and could be driven above the crossover temperature. Thus the phase-
inverted SRG (and thus double-period SRG) that was formed in that study is due to 
photo-heating combined with photo-patterning. 
It is well established that the surface-patterning phenomenon is strongly 
polarization dependant. 35 Both the efficiency of the process (as measured by topography 
height) and the exact shape of structures are affected by the incident polarization state. In 
essence, the topography encodes both the incident light intensity pattern, and the 
polarization pattern. The presented photomechanical mechanism does not obviously 
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include any polarization dependt:llce. Presumably the extent of photomechanical response 
would be related only to the light intensity, and not the polarization vector. However a 
number of additional consideratons can explain the influence of incident polarization. It 
has been determined that azo chromophores become photo-oriented by incident polarized 
light during surface patterning.315-38 Azo chromophores tend to accumulate perpendicular 
to the incident polarization at any given position, as those chromophores that fall into 
these orientations will no longer be able to absorb incident photons, and will therefore no 
longer undergo isomerization and photo-motion. This orientational photo-depletion can 
explain in sorne cases the low grating efficiency observed (for instance in the case of 
forming a SRG with two s-polarized beams), because the chromophores become photo-
aligned and cease to isomt~rize. In the context of the proposed competing 
photomechanical mechanism, it is also possible, however, that photo-orientation 
increases the efficiency of th~: photo-contraction component. For sorne polarization 
combinations this may actually increase the overall efficiency, if the photo-contraction 
causes accumulation of material in the same direction as the photo-expansion drives 
material flow. Additionally, it is worth considering anisotropy in the restoring force. It is 
generally agreed that surface tension is the restoring force that eventually arrests the 
surface-patterning phenomenon. Even if the driving force is isotropie (no polarization 
dependence), polarization patterns may develop if the restoring force is anisotropic (has a 
polarization dependence). For instance, if azobenzene orientation causes the surface 
tension to be anisotropic (locally different along the molecular axis, as compared to 
against it), this can explain the observed polarization patterns. Specifically, irradiation 
geometries that do not induce spatial variation of the azo orientation (such as the s:s 
combination, or the RCP:RCP combination) will have a homogeneous surface tension 
across the surface, which will arrest the surface mass transport. Irradiation geometries 
that induee a spatially varying surface tension, due to a spatially varying polarization 
pattern and hence azo oriemation (which includes the +45°:--45° and RCP:LCP 
combinations) will have an additional driving force to deform the sample surface, namely 
that the gradient in surface tension represents an additional instability that can drive 
material flow. In other words, a gradient in surface tension (with, importantly, lower than 
bulk surface tension at sorne positions in the pattern) will not arrest material flow as 
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efficiently as a homogeneous surface tension. This suggestion is similar to the 
experimental observation of ma~roscopic drop let motion on azo-polymer surfaces that 
have photo-driven surface energy gradients.39 
It is possible that further experiments measuring the temperature dependence of 
SRG inscription, with different polarization states, could help to determine the relative 
contribution of the photo-expansion and photo-contraction mechanisms under each set of 
conditions. For instance, Figure 6.7 shows the SRG height for gratings formed using the 
highly efficient RCP:LCP polc:.rization combination. What can be seen is that this 
polarization combination is inefficient at elevated temperatures, possibly because it is 
driven by the photo-expansion process, and not efficient in a photo-contraction context. 
Although initial analys;s of surface patteming suggested that volume was 
conserved,34 subsequent studies have shown that this is not the case/1 with evidence of 
densification and compressible fluid behavior. Modeling also suggests that the process 
requires a compressible fluid.9 Moreover, a sequence of measurements on the thermal 
erasure of surface relief gratings demonstrated that during heat treatment, a density 
grating, coincident with the initial SRG but buried beneath the surface, develops.40,41 This 
suggests that the initial photo-patteming and related photo-orientation creates seeding 
crystals that can be grown, with chromophores aggregating, during thermal treatment. 
This is precisely analogous to the observed photomechanical effect, where the 
combination of light-induced o:ientation and heat-enabled mobility generates a photo-
contracted state. 
6.5. Conclusion 
AFM force-distance measurements have been used to argue that photo-softening 
effects are negligibly small in azo materials, which limits the range of mechanisms that 
can be used to explain surface patteming in these systems. The recently characterized 
photomechanical response of azo materials, which involves competition between photo-
expansion and photo-contraction, was used to explain the surface-patteming phenomenon 
seen in azobenzene systems. By irradiating through a grid-like mask, we have shown that 
surface-patteming can occur both above and below the photomechanical crossover 
temperature. The phase of the patteming effect is opposite in the two cases, with photo-
expansion driving mass transport below the crossover, and photo-contraction driving 
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mass transport above the crossover temperature. This observation allows us to explain the 
peculiar phase dependence observed in the literature. Specifically, systems which exhibit 
the 'common' patteming pha:;e re1ationship (material motion into the dark) are 
constrained systems that are be10w their crossover temperature during patteming, 
whereas those that exhibit the 'inverted' phase relationship (material motion into the 
light) are mobile systems that are above their crossover temperature. 
The proposed photomechanical explanation for surface patteming agrees with the 
large body of literature that has been developed on azo patteming and SRG formation, 
and does not require the introduction of a hypothetical photo-softening effect. Sorne of 
the previously proposed mechanisms can be viewed as limiting cases of this general 
photomechanical patteming. By inc1uding considerations of the anisotropy in the 
restoring force, it is also possÏJle to explain the polarization dependence seen in azo 
patteming. 
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Chapter 7 
Conclusions and Pers pectives 
7.1. Conclusions and Contributions to Original Knowledge 
This dissertation describes careful studies performed on azo-polymer materials, 
with the intent to understand the fundamental nature of the driving force that gives rise to 
surface patteming in these systems. In order to explain this phenomenon, a number of 
fundamental questions were first answered. A recurring theme in the research is the use 
of temperature as a probe of dynamics in materials. Temperature variation allowed the 
relative contribution of different dynamical motions to be considered. A necessary 
prerequisite for such a thermal analysis, however, is knowledge of the photo-induced 
heating phenomena that may aceompany laser-based patteming. The modeling presented 
in this dissertation establishes that for a wide variety of experimental conditions, photo-
heating effects can be neglected. The modeling formalism is simple, robust, and quite 
general, allowing it to be applied to a wide variety of organic materials and irradiation 
geometries. 
Having delineated the regimes where photo-heating can be neglected, 
fundamental studies of mobility confinement in thin films were undertaken. Using 
thermal treatment to activate material motion, the size-scale of mass transport in the azo 
system was studied. It was found that while molecular-scale motions are not appreciably 
affected by confinement in the range 20-150 nm, the large-scale motions of polymer 
chains, involved in surface pattl~ming, are greatly affected. In particular, mass transport 
becomes arrested in extremely l:hin films. Quantitative deviations of the apparent glass-
transition temperature were recorded. This establishes a size-scale for the phenomenon, 
indicating that mass transport requires the coordinated motion of polymer chains over 
40-100 nm, and not merely surface diffusion of individual polymer chains. The reported 
methodology for measuring thin film dynamics, and quantifying the glass-transition 
temperature, is quite general, and could be applied to other organic systems. For instance, 
any polymeric material could have a surface relief grating embossed into it, with the 
thermal erasure temperature of this surface structure being used to quantify dynamics. 
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Neutron reflectometry measurements were used to unambiguously identify 
photomechanical effects in aZübenzene systems. This work has, for the first time, 
identified the photo-contraction events that lead to densification of azo materials. 
Furthermore, this work shows that azo materials exhibit two competing photomechanical 
effects: one that drives towards rnaterial expansion, and another that leads to contraction. 
Temperature was again exploited to probe the competing dynamics, and it was shown 
that there exists a smooth crossover from one behavior to the other. The process appears 
to be a general feature of azobellzene photochemistry, and helps explain many literature 
results. The described sample cell and experimental methodology are obviously 
applicable to other photo-active organic systems. Thus this work serves as a starting point 
for further studies of photo-dynamics in organic systems. 
The newly discovered photomechanical phenomenon was used to explain the 
surface mass patterning effects 1:een in the azobenzene materials. The scaling and phase 
of surface patterning was found to exactly match the observed photomechanical trend. 
This thus represents a conclusive description of the curious surface mass transport that 
was discovered over 10 years ago, and which remained unexplained until now. This new 
explanation resolves a number of controversies and contradictory results that had 
appeared in the literature. 
In addition to finally resolving numerous controversies ln the azobenzene 
literature, it should be noted that the experimental techniques described here are not only 
applicable to the azobenzene sy:;tem. The measurement techniques could be applied to a 
wide variety of polymeric or organic systems. Thus this dissertation contributes the 
fundamental study of dynamics in organic systems. In particular, it emphasizes 
techniques to use temperature as a probe, either theoretically or experimentaIly, to study 
novel systems. 
7.2. Future Research Directions 
This thesis has argued that the fundamental origin of the surface patterning is a 
photomechanical phenomenon. This theory produces a number of predictions that could 
be tested to further validate it. For instance, the assumption that aIl azo materials exhibit a 
crossover from photo-expansion effects to photo-contraction effects could be verified by 
cooling liquid crystalline systems, and observing the phase of their photomechanical 
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response and/or patterning. Also, it would be worthwhile to study the full range of 
polarization combinations used to form Surface Relief Gratings, as a function of 
temperature. It may be found that sorne polarization combinations become more efficient 
at higher temperature, whereas others see decreased efficiency. This data would allow 
one to determine the relative contribution from the photo-expansion and photo-
contraction phenomena in driving surface patterning. In particular, it may provide 
evidence that the polarization dependence is, for instance, primarily related to the photo-
contraction effect. This data would allow for rational design of micro-lithographic 
patterning of azo materials, by selecting the incident polarization and inscription 
temperature to suit a particular need. It may also allow for novel types of surface 
patterning. For instance, the doubling of grating period observed in the formation of sorne 
SRGs can now be attributed to :ln overlap of an out-of-phase (photo-expansion) and in-
phase (photo-contraction) grating. Rational design could in princip le allow one to create 
surface patterns below the usual diffraction limit, by exploiting the two competing 
mechanisms that have a tightly controlled phase relationship. This work has also 
demonstrated that the patterning phenomenon is sensitive to film thickness and the nature 
of the underlying substrate. Thus an azo film cast on top of a patterned substrate would 
exhibit spatially varying patteming efficiency. In addition to being useful for probing 
questions of dynamics and confinement in polymer systems, such an experimental 
geometry could also be useful for new modes of micro-lithography. In essence, careful 
registry between a sub-surface micro-fabricated structure, and an incident light field, 
could be used to create novel nano-structures. 
The presented argument with regard to photomechanical patterning suggested that 
an anisotropy in the surface tension might be playing a role. To further investigate this 
supposition, it would be instructive to perform azo photo-patterning while the material is 
immersed in different liquids. By controlling the interfacial tension, the role of this 
parameter in the mass transport phenomenon could be fully elucidated. The entire mass 
transport phenomenon can now also be fully modeled and simulated. It is now apparent 
that the model can neglect photo-heating effects, but must absolutely model the azo 
material as a compressible fluid. In fact the model must include both expansion and 
contraction effects, based upon laser irradiation and temperature, and simulate the 
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resultant internaI stress field. A successful model may also need to inc1ude the effect of 
an anisotropic surface tension. Combined, these parameters would be expected to 
reproduce the observed surface mass patterning. 
Now that it is more fully characterized, the azobenzene photomechanical effect 
could be studied from an applied standpoint. The effect could be exploited in a photo-
actuation device, such as a microfluidic chip. Such a device would have the advantages of 
fast and remote activation (being photo-driven) and could exploit either the reversible or 
the irreversible component of the photomechanical response, depending on device 
requirements. In such an investigation, it would be critical to accurately measure the 
long-term reversibility, reproducibility, and stability of the photomechanical response. It 
is currently known that the photo-expanded and photo-contracted states can be reversed 
with appropriate treatment, but it is not known what limits exist to the long-term cycling 
between states. For instance, it may be that cyc1ing will lead to the formation of azo 
crystals that are difficult to disassemble. 
N ow that the azobenzene photomechanical effect and associated patterning 
phenomenon has been carefully characterized, it can be exploited in a variety of ways. It 
opens up the possibility for both fundamental studies of polymer dynamics, and applied 
device fabrications, where light is converted into useful mechanical work at small size-
scales, or for reversible surface patterning. 
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